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PBEPACE 


In 1918 there was established at Case School of Applied Science, with 
the cooperation of the Management of the National Lamp Works of 
the General Electric Company, a course in Illuminating Engineering 
designed especially for undergraduate students. 

This book is, therefore, the result of six years of actual experience in 
the presentation of this subject in the classroom. It deals with the 
principles underlying the production of light and its applications, rather 
than the details of the applications themselves, smce these are subject 
to change due to the rapid development of this branch of engineermg. 

The course as given at Case School of Apphed Science covers a period 
of one year. Three hours per week are assigned in part to lectures and 
in part to recitations, and one period per week is devoted to laboratory 
work. The lectures are given by specialists m their respective subjects 
and the recitation work is conducted by a member of the departmental 
staff 

In the preparation of this book, space limitations have made it neces- 
sary to omit much material which might otherwise have been mcluded, 
and there is no thought that the subject is treated exhaustively. 

The material has been drawn from such a large number of sources, 
including many of the techmcal and scientific journals, that mdividual 
acknowledgment has seemed to be impracticable. However, in con- 
nection with the different subjects, some references have been inserted to 
show where additional information is available, and the more important 
tables have been mcluded as giving data not always readily accessible. 

In the preparation of the material for publication it was necessary 
to adopt a somewhat different arrangement than has been followed in 
the lectures themselves, m order to bring aU material on a given subject 
together and to avoid duphcation. In many instances, therefore, 
matenal of one contributor has been combined with that of another. 
The major subject of each contnbutor is given in the list of contributors, 
but it has not been found practical to identify each contribution in detail. 

The editors desire to record their appreciation of the invaluable 
assistance and most hearty cooperation their associates have rendered. 
It is through their most generous assistance and contributions that this 
book IS possible. 




INTRODUCTION 


lUuininatiiig Engineering had its inception as a separate engineering 
profession in the organisation, in 1906, of the Dlnminating Engineering 
Society. Since that time various treatises on the subject have been 
published, some definitely intended as textbooks; but the science and 
art of illumination are so new, and the subject matter so diverse, that 
none of the authors of these treatises would lay claim either to com- 
prehensiveness or to thoroughness. Recognition of the broad scope of 
the subject was first secured through the course of lectures given at the 
Johns Hopkins Umversity in the fall of 1910. Since that time both 
the science and the art have developed rapidly through the combined 
efforts of a great variety of workers in different fields; and, even now, 
he who would seek, single-handed, to prepare an inclusive treatise on 
Uluminating Engineering, as it is understood and practiced to-day, 
would find his task a difficult one. 

When, therefore, Case School of Apphed Science secured the coopera- 
tion of the Managers of the National Lamp Works of the General 
Electric Company in the inauguration of a course in Uluminating 
Engineering, it was sought to have each aspect of the subject presented 
by a specialist. Most of the subjects have been presented by specialists 
of the National Lamp Works, but certain subjects, viz., Gas Lamps, 
Arc Lamps and Vapor Tube Lamps, have been given by specialists of 
other organizations, through the courtesy of the Welsbach Company, 
the National Carbon Company and its successor, the Umon Carbide 
and Carbon Research Laboratories, Inc , and the Cooper-Hewitt 
Electric Company. 

From the begmnmg it was apparent that much of the value of the 
course was lost owing to the unavailabihty of an adequate textbook. 
Through the insistence of Professor H B. Dates, head of the Depart- 
ment of Electrical Engineering, the various lecturers were gradually 
induced to commit their lectures to writing, so that mimeographed 
copies might be distributed to the students. It was but a step in thought 
from this to the publication of the combined lectures in textbook form, 
though this step was covered only after arduous work on the part of 
the two editors Mr Francis E Cady, who had much of the burden of 
detail in the daily arrangements of the course, and Professor H. B. Dates, 
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whose experience in engineering education made success possible in 
this new educational undertaking. 

The present textbook is the result of these efforts, and represents the 
outcome of actual experience in giving the course in Illuminating 
Engineering to junior and senior students m Electrical Engineering in 
a well-estabhshed technical school. It is published for further use in 
Case School of Apphed Science, but with the larger hope in the minds 
of all who have contributed to it, lecturers, editors and administrators, 
that it may serve in a similar way wherever this new branch of engineer- 
ing may be taught, and that it also may find use as a brief, comprehen- 
sive survey of the subject matter and current practice by that larger 
number of students who, having finished their collegiate courses, have 
entered the hghtmg field as a vocation. 


EDWARD P HYDE, 

Formerly Director of Research, National Lamp 
Works of Oeneral Electric Company 

St. Jhjai^-db-Luz, Fbangd 
November 22 , 1923 . 
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ILLUMINATING ENGINEERING 


CHAPTER I 

PHYSICS OF LIGHT PRODUCTION 

[A G. Worthing] 

Nature of Light 

Corpuscular Theory. — What is the mechanism whereby the sun 
ids out hght? The ancients advanced a corpuscular theory The 
a, and consequently any source of light, was assumed to emit streams 
small material particles or corpuscles, which moved ordinarily in 
oight hnes and produced vision upon entermg the eye Bodies were 
iposed to be rendered visible by the corpuscles reflected from them. 
Lis theory was generally accepted previous to the early decades of 
1 nineteenth century 

Wave Theory- — The idea of light as a wave phenomenon was first 
5 gested by Huyghens m 1678 A century and a half later, on that 
31S, Young, Fresnel and their co-workers explained the phenomena 
interference, diffraction and polarization. However, the conflict, 
h the earlier theory, bitterly contested and intensely dramatic, did 
b close until 1850 when Foucault showed, contrary to the prediction 
the corpuscular theory, the velocity of light to be less in water than 
air 

rransmission of light by wave motion required the postulation of a 
dium between sun and earth and throughout interstellar space. 
IS medium was called the ether and was pictured, and still is by those 
0 believe in its existence, as “ a universal medium filling aU known 
ice, m which the minute portions of ordinary matter are supposed to 
st not unlike the motes of dust one sees in the air of a room when a 
T of sunlight enters.” The main characteristic of the ether is the 
iperty of transmitting transverse vibrations with a velocity of 300,000 
ometers per second (186,500 miles per second) These vibrations 
re originally supposed to be mechanical, somewhat like water waves. 
Electromagnetic Theory. — The great achievements of the first half 
the mneteenth century regarding the nature of light were accom- 
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panied by siimlarly great achievements in the study of electricity and 
magnetism. In order to explain the transference of energy from one 
electrical circuit to another by means of their mutual inductance, it 
was necessary to assume an unknown medium which could be and was 
identified with the ether of hght phenomena In the decade following 
1860, Maxwell, a great Enghsh physicist, expressed this relation defi- 
mtely in a theory which treated Hght phenomena as purely electro- 
magnetic Shortly afterwards, this theory was verified experimentally 
by Hertz. He detected waves of purely electromagnetic origin, which 
possessed the velocity of Hght and could be reflected, refracted, scattered 
and polarized These waves differed from light waves apparently only 
in having much greater wave-lengths. 

This theory is not to be viewed as antagonistic to the wave theory 
developed earher but as a very fundamental extension of it. Trans- 
verse vibrations in the ether were assumed for the propagation of 
electromagnetic waves as they had been assumed for the earher wave 
theory; but the processes imagmed had not the earher simphcity. 

Quantum Theory. — The present quantum theory is similarly to be 
regarded as a fundamental extension of the electromagnetic theory. 
In 1900-1901, it was advanced by Planck in his theoretical derivation 
of an expression which successfully describes the radiation from a 
complete radiator or black body (to be discussed later). The main 
departure from previous procedure consisted in the assumption of a 
spasmodic radiation of energy in bundles, or quanta, by the ultimate 
radiators, instead of a gradual, steady process. 

Planck postulated (1) that the idtimate sources of light are linear 
oscillators, ^^each consisting of two poles, with equal quantities of 
electricity of opposite sign, which may move relatively to each other 
on a fixed straight line, the axis of the oscillator ” (the present concep- 
tion of an ultimate source of hght differs from this somewhat) ; (2) that 
each linear oscillator, at least for a given condition of surroundings, 
possesses a defimte natural frequency of vibration; (3) that an oscillator 
does not emit radiation or hght continuously, but in brief spasmodic 
pulses at times when the total energy of vibration happens to be an 
integral multiple of the “ quantum of energy ” (to be defined) for the 
oscillator in question; and (4) that when radiation occurs it is complete 
in the sense that the osciQator emits the whole of its supply. The 
quantum of energy was defined by e = hv^ where e represents a 
quantum of energy for the particular oscHlator, v its natural frequency 
and h a universal constant of nature. According to the third postulate, 
radiation was not assumed to occur always when the total energy of the 
oscillator had reached, by some means, a smgle quantum, though it 
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might occur then. However, when emission did take place, it was 
necessary for the total energy of the oscillator to be some integral 
number of quanta. 

Pecuharly enough, while clarifying and unifying much of physics 
that was not understood or stood disconnected, the quantum theoiy 
has not been successful m some instances m accounting for phenomena 
that had appeared simple on the electromagnetic wave-theory basis. 
It is difficult to reconcile the quantum theoiy explanation of ionizmg 
and radiating potentials on the one hand with that for interference of 
hght on the other hand. The former seems to require the propagation 
of radiation in quanta to restricted hnear paths, the latter to outward- 
spreading spatial disturbances. The former pictures radiation from 
a hght source as a barrage of energy projectiles, the latter as a succession 
of two-dimensional, spreading waves. 

Wave-length Analysis of Radiation 

The Grating. — The most common method for the determination of 
wave-length, which is a fundamental factor in radiation measurements, 
makes use of a grating One type of grating consists of a great number 
of very fine eqmdistant parallel scratches on a glass plate. It is essen- 
tially a collection of very narrow equal slits, equally spaced, side by side. 
Another type consists of a piece of speculum metal similarly ruled. In 
the former type the spectrum is formed by the radiation transmitted 
by the gratmg; in the latter type, by the radiation refiected from the 
grating. 

If a mercury-arc lamp in operation is viewed through a grating, 
several groups of colored images of the source will be seen on each side 
of the lamp. In the order of their distances from the lamp, the colors of 
the images are violet, blue, green, yellow and orange. Each group 
possesses the same number of colored images similarly placed and 
constitutes a spectrum of the source. If a linear incandescent source 
is viewed similarly, several broad multi-colored bands will be seen on 
each side of the source. Each band, analogous to a group of colored 
images of the mercury-arc, constitutes a spectrum of the source. In 
this case, the images of the source may be considered infinite m number, 
their combination resultmg in a smgle multi-colored image or band 
changing gradually in hue from a violet at the edge next the source to 
a famt deep red at the far edge. 

These spectra are due to diffraction, i e , the spreading of a beam of 
light into a more or less diffuse fan-shaped pencil on its passage close 
to the edge of an obstacle or through a narrow slit. 



4 


PHYSICS OF LIGHT PRODUCTION 


Spectra are spoken of as of the first order, second order, etc , depend- 
ing on whether they are perceived next to the source or second from 
the source, etc. Given the distance between the narrow, equally spaced 
slits, corresponding wave-lengths may be computed from the deviations 
of the vanous colored beams For fight incident normally (Fig. 1), 

?iX = d sm 0, 

in which n represents the order of the spectrum, X the wave-length, d 
the distance between successive shts, and 6 the angle. Wave-lengths 
are usually designated in terms of the micron. One micron equals 
0.001 mm. The symbol for the micron is the Greek letter /z. 



Fig 1 Diagram to Illustrate Action of Grating m Forming Spectra 

The Prism — Tnangular prisms of glass, quartz, rocksalt and 
certam other substances are also used to form spectra. Those formed, 
however, do not follow the simple law of the gratmg The deviation 
angles corresponding to various wave-lengths are usually cahbrated 
by means of the latter. 

For wave-length measurements, prisms are secondary to gratings in 
importance. However, when the intensities of the radiations associated 
with different wave-lengths are considered, the situation is the reverse. 
A prism deviates all of the transmitted radiation into a single spectrum, 
while a grating deviates only a part of the transnoitted radiation, usually 
in unpredictable amounts, into many spectra 

Color Wave-length Relations. — A definite color or hue is associated 
with each wave-length of visible radiation. In passmg from one end 
of the visible spectrum to the other there can readily be distmguished 
not only the mam divisions of color, such as red, orange, yellow, green, 
blue and violet, but also, if conditions are satisfactory, several hundred 
additional colors. The boundaries between the main subdivisions are 
indefimte, diffenng with different people For a rough subdivision the 
following boundaries may be assumed . 0.78/z — red — 0 63/z — orange — 
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0.69At — yellow — 0. 56/z — green — 0.49/i — blue — OAS/i — violet — 0.38m. 
The limits of the visible spectrum may be assumed as 0.78m and 0 38m. 

Infra-red Radiation. — Herschel, m 1800, usmg a glass pnsm to show 
that the radiations in a visible spectrum will affect a thermometer 
exposed to them, found that the most marked heatmg effects are ob- 
tained outside of the visible spectrum — the only portion then known — 
in what is now called the infra-red spectrum (Fig. 2). Infra-red radia- 
tions are similar in nature to those producing vision, the sole difference 
bemg the greater wave-lengths of the infra-red. Many people refer 
to these radiations as heat rays This term, however, is a misnomer, 
since the heating effects produced by them differ only in degree from 
those produced by the visible spectrum. 



Pig. 2 Diagram Showing Relation of Ultrar-violet and Infrarred Radiations with 
Respect to the Visible m the Spectrum of a Source Formed by a Prism 

The existence of infra-red radiations is readily demonstrated by 
exposmg a radiometer to an mcandescent lamp, first directly, and then 
through a screen containing a dense solution of lodme m carbon bisul- 
phide This screen has the property of transmittmg infra-red radia- 
tions and of absorbmg visible radiation. The mdication of the radi- 
ometer corresponding to the heatmg effects of the radiations incident 
upon it is seen to be somewhat smaller m the second case This shows 
that by far the larger portion of the radiation from the lamp lies outside 
the visible spectrum Other work shows it to be infra-red 

Ultra-violet Radiation. — Similarly, in the region beyond the blue 
and the violet, radiations are found which are capable of producing 
marked effects, particularly of a photographic nature. 

The existence of such radiation is readily shown by means of a quartz 
spectrograph (an mstrument particularly adapted for obtaining such 
spectra) which is pointed at a mercury-m-quartz arc or an iron arc. 
A piece of ground glass placed in the focal plane will show only a con- 
centrated visible spectrum. If a piece of uranium glass is now substi- 
tuted for the ground glass, there will appear, in addition to the visible 
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spectrum, a great many Imes m the region beyond the blue edge of the 
visible spectrum. The radiations which produce them are incapable 
of producing vision directly; but, when they impinge on certain sub- 
stances such as uranium glass, they are able to cause those substances 
to emit other radiations whose waves possess a different frequency and 
wave-length. The process is known as fluorescence. In this case, 
the fluorescent radiation is visible. Because of their location m the 
spectrum, the excitmg radiations in this case are called ultra-violet 
radiations. So far as known, they differ from visible radiations only 
in that they have shorter wave-lengths. 

X-rays and y-rays. — Recent work has shown that X-rays (or Roent- 
gen rays) differ from those which have just been considered, only in 
that their wave-lengths are exceptionally short, commonly of the order 
of a thousandth or a ten-thousandth of those occurring in visible radia- 
tion. Crystals interposed in the path of a narrow homogeneous beam 
of X-rays will produce diffraction effects similar to those produced by 
gratings on ordmary hght. In fact, crystals are diffraction gratings 
with three dimensions instead of two. The grating space, correspond- 
ing to the distance between hues in the ordmary gratmg, is the distance 
between atomic planes. 

Associated with the disruption of atoms m radioactive processes, 
there often occur emissions of y-rays. They are of the same nature as 
X-rays and possess wave-lengths of the same order of magnitude. It 
is probable that they are produced by quite similar causes. 

Spectrum of Radiation. — In Table I are shown the various known 
classes of radiation together with the limits as to wave-lengths within 
which measurements have been made. The velocities of aU in free 
space are identically that of light, viz., 299,860 km /sec Since the 
product of frequency of vibration and wave-length gives the velocity 
of propagation, it is a simple matter to determine the frequencies of 
vibration m various sources, which wiU give the limits of radiation 
specified. 

Until recently, certain gaps existed in the table, one between the 
shortest measured wireless waves and the longest known infra-red 
waves, and the other between the shortest known ultra-violet waves 
and the longest known X-rays Now the former gap has been spanned, 
and means have been found whereby certain radiations may be both 
produced and measured by the methods of wireless telegraphy and of 
infra-red measurements 

Similar progress has resulted in the narrowing of the other gap. It 
is beheved that spectral images, or lines, as they are usually called, 
which have the characteristic X-ray origin, have already been detected 
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and measured by the methods characteristic of ultra-violet measure- 
ments In fact, the radiations at the short wave-length limit of the 
ultra-violet spectrum of the higher elements belong to this class. 

TABLE I 

Spbctteum op Radiation 


Class Wav^-Ieoiilih Limits 

Wireless telegraphy 
Hertzian waves 

Infrar-red rays 
Visible rays 
Ultra-violet rays 

X-rays and 7-rays 

) 001 km = 1 m = 10 ® mm = 10 ® m = 10 ^® k 

The region dealt with in this work is that which is mcluded under the 
nfra-red, the visible, and the ultra-violet. 

Types of Spectra. — Two types of spectra have already been noted, 
[n one, radiation of only certain definite wave-lengths is present. 
Spectra of this type, of which that due to the mercury arc is illustrative, 
ire known as bright-hned spectra. In the second type, radiations of 
lU wave-lengths throughout the measurable spectrum are present. 
3pectra of this type, of which that due to an ordinary incandescent 
amp filament is illustrative, are known as continuous spectra. 

There are three other types of spectra — the dark-hned, the bright- 
)anded and the dark-banded. Typical of dark-hned spectra is that due 
o the sun, which is contmuous save for a great many dark lines which 
TOSS it at irregular intervals. The significance of these dark hnes will 
)e discussed in the study of the sun's radiation. Bnght-banded spectra, 
uch as occur m the light from the firefiy and phosphorescent and 
uminescent glows, possess spectra which are contmuous for certain 
anges of wave-lengths only. Although reaUy belonging to the bright- 
ned group, spectra with groups of closely related bright lines, which 
ppear as bright bands in spectrometers having low resolving power, 
re also commonly called bright-banded spectra. Dark-banded spectra 
re contmuous spectra streaked with dark bands, that represent regions 
Dr which there is little or no radiation present. The spectrum of hght 
'om an incandescent lamp which has passed through a colored glass is 
good illustration of this class. 


r 25 km 
1 0 2 mm. 
/ 0 3 mm. 

I 0 78m 
! 0 78m 
I 0 38m 
/ 0 38m 
1 0 032m 
f 12 00 A 
1 0 07 A 



8 


PHYSICS OF LIGHT PRODUCTION 


Measurement of Effects Produced by Radiation 

Effects Produced by Radiation. — Mechanically, hght beams exert 
pressures The great illustration m nature is the comet^s tail, which 
seems to be due largely to the pressure exerted by the sun's radiation 
upon the very much attenuated particles constitutmg the comet. A 
curious consequence is that the tail of a comet, while following the 
comet naturally during the approach toward the sun, gradually swmgs 
to one side as the penhehon is approached and passed, and finally leads 
the comet into outer space This pecuhar behavior results from the 
fact that the tail is a grand collection of minute particles leavmg the 
head of the comet under the influence chiefly of radiation pressure. 
The material m the tail is changmg constantly. Because these particles 
move faster than the comet, the “ tail ahead ” feature naturally results. 

Thermally, radiation is capable of raising the temperature of things 
exposed to it. Illustrations of this are obvious Chemically, there 
exist the processes of photography, fadmg of dyes and pamts, hardening 
of certam substances by sunhght, etc. Electrically, there are the 
resistance changes which occur when selemum is exposed to radiation, 
the ionization which occurs in the surroundmg atmosphere when certam 
metals are exposed to certam radiations of short wave-length, and the 
phenomenon of the upper atmosphere known as the Aurora Borealis. 
Visually, there is the effect on the eye. StiU another effect is fluores- 
cence, the phenomenon descnbed above m demonstrating the existence 
of ultra-violet radiation In measurmg radiation, these effects and 
combmations of them are used. 

Measurement of Radiant Energy. — Measurements of radiant energy 
are usually based on heatmg effects produced by the radiation The 
instruments most commonly used are the thermocouple, the bolometer 
and the radiometer In the thermocouple, the heat developed produces a 
thermal electromotive force, m the bolometer it produces a change in 
the resistance of a very thm blackened strip of platmum, in the radi- 
ometer, it produces an increased gaseous pressure m the neighborhood 
of an absorbmg vane m a partial vacuum, which results m a torque on 
a suspended system The indications of these instruments depend 
upon the rate at which radiant energy is received. Only when their 
indications are mtegrated over an interval of time are energy measure- 
ments really obtained. 

Spectral Energy Curve. — By plotting against wave-length the mdi- 
cations of a radiometer or some other so-called energy-measuring in- 
strument, exposed successively to different small elements of the spec- 
trum of a source as produced by a pnsm, a curve is obtained which 
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shows the relative heating effects for the various wave-lengths of radia- 
tion from that source. Such a curve is spoken of as a spectral energy 
curve. 

Thus curve a of Fig. 3 is a spectral energy curve showing the relative 
heating effects associated with different wave-lengths for tungsten at 
about 2200° K. (a temperature about 250° less than that occurring in 
ordinary vacuum tungsten lamps). It shows, for instance, that the 
mflTinium heating effect for a given short interval of wave-lengths for 
tungsten at that temperature is located at 1.2^ and that there such 
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Fig 3 Spectral Energy Curve (a) and Spectral Luminosity Curve (b) of a 
Tungsten Filament at about 2200® K 

That portion of the area enclosed under curve ‘‘a” which is beyond the limits of 
this diagram is equivalent to about 25 squares 


effects are about twice those experienced by a similar interval at the 
red end of the visible spectrum (0 78/z), and perhaps a hundred times 
more than is to be expected at the blue end (0.38/i). 

If the indications of the heat-measurmg mstrument are represented 
by slender rectangular areas with widths on the plot proportional to 
the short interval of wave-lengths impinging on the mstrument, it 
follows that the total heating effect, takmg account of all wave-lengths, 
is represented by the area inclosed between the spectral energy curve 
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and the wave-length axis, since this area is nothing more or less than 
the sum of all the elementary, slender rectangles, which touch but do 
not overlap. From the standpoint of heatmg effects, the infra-red 
portion of the spectrum in this case constitutes by far the greater part 
of the whole. The ultra-violet portion is almost neghgible Within 
the visible range, only about 4 or 5 per cent of the energy is radiated. 

Spectral Luminosity Curve. — If the eye is used m place of the radi- 
ometer to evaluate the radiation from a source, a different spectral 
evaluation curve will be obtamed. Since the eye cannot be cahbrated 
to give an absolute determmation of a visual effect, but can detemune 
equality or lack of equality between two separate visual effects simul- 
taneously obtained, something more than a simple substitution of the 
eye for the radiometer is necessary m the experimental procedure. The 
instrument used for this type of work is the spectrophotometer (see 
page 225) With it, convement comparisons may be made between 
the visual effects from various portions of the spectrum of an analyzed 
source and those from some constant standard source, the visual effects 
from which may be vaned as desired by mechanical subdivision. 

The evaluation of the radiation from tungsten at 2200° K by the eye 
will give some such curve as 6, Fig 3 It is called the spectral lumi- 
nosity curve of the source. It shows that at certam wave-lengths the 
visual effect or luminosity is much greater than at others, the maximum 
effect being in the neighborhood of 0.58/^. Toward either end of the 
visible spectrum the luminosity decreases Reasoning similar to that 
applied to the spectral energy curve shows that the area under the 
spectral luminosity curve represents the total visual effect. 

On the assumption that the eye as a machme is 100 per cent eflB.cient, 
making full use of the incident radiation only at that wave-length at 
which curves a and 6 are tangent, and that at other wave-lengths the 
Bye’s eflS.ciency is relatively reduced, it must be concluded that the eye 
is not only incapable of responding at all to about 95 per cent of the 
radiation from the filament, but also that, considermg the reduced 
sfliciency in various parts, its overall eflSiciency for this source is of the 
Drder of 1 per cent (the ratio of the area enclosed under b to that under 
z) of the maximum possible value. 

The blame for this poor eflSciency may be thrust upon the source by 
raying that, from the visual standpomt, its radiation is inefficient, or 
hat the efficiency of a lamp is only 1 or 2 per cent of the theoretically 
lighest possible value. 

Each source has a chaiacteristic spectral luminosity curve, further, 
he curve for any particular source changes with temperature. A 
iungsten filament at 1800° K. has a spectral luminosity curve which 
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differs from that at 2200° K , shown in Pig. 3, by being relatively de- 
ficient in the shorter wave-lengths, the dividing line bemg in the region 
of 0.55jii. This change corresponds to the reddemng which is noticeable 
on lowering the temperature of the tungsten filament If the tempera- 
ture is raised, an opposite change is found to correspond to the whitening 
of the source. Similar changes take place in the spectral energy curve. 

Emplo 3 ang a similar method, spectral photographic-action curves, 
and, mdeed, spectral curves for any effect due to radiation may be 
obtained and analyzed 

Contrasts in Heating, Visual and Photographic Effects. — How 
differently a radiometer, an eye and a photographic plate (through a 
glass lens) weight the radiation from a source is shown by the spectral 
energy, the spectral luminosity and the spectral photographic-action 
curves of the source. A particular comparison of weights may be made 
from Pig. 4, in which spectral distnbution curves are given for a high- 
efficiency tungsten lamp and a blue-sky source for the visible and a 
small portion of the ultra-violet regions. Por ease of companson, a 
condition of equal total illumination has been selected for plotting, 
i e., the scales have been so chosen that the areas enclosed beneath the 
two spectral luminosities are equal The difference in the total weights 
assigned by the radiometer and the photographic plate is readily ob- 
served. Those familiar with photography wiU perceive that this is 
consistent with the greater photographic efllciencies of blue-sky illumina- 
tions actually experienced 

Definitions of Light. — It is necessary to define the term “ light ” 
specifically. Several usages have been recognized, but for this dis- 
cussion hght will be considered as a quantity which stands in the same 
relation to the visual effects of radiation that radiant energy does to 
the heatmg effects. Thus the potential heatmg effects of the radiation 
from a source, when summed up over a period of time, give the energy 
radiated durmg that interval Similarly, the potential visual effects 
of the same radiation, summed up, give the light radiated during that 
interval. 

Visibility of Radiation. — Though the spectral energy and spectral 
luminosity curves differ from source to source, the visibihty function 
which connects them does not. This function shows the relative efll- 
ciency of the eye in responding to radiations of various wave-lengths. 
It IS a property of the eye — more strictly, of the seeing mechanism — 
and IS, therefore, the same whatever the source used in its measurement. 
Plotted as a function of wave-length, it forms the visibility curve. The 
risibihty curves of mdividuals having normal vision differ shghtly, and 
for practical purposes an average curve is used. 
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The absolute value of the visibility at any wave-length is the ratio 
of the visual effect to the heating effect of the radiation at that wave- 
length, and IS expressed in lumens per watt For example, at 0 556ju 
the visibihty of radiation is 670 lumens/watt. This means that a 
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Pig 4 A Diagram Showing How Differently the Eye, an Ordmary Photographic 
Plate (through a glass lens), and a Radiometer, Weight the Radiations from a 
Blue Sky, and from a High-efficiency, Gas-filled Tungsten Lamp The curves 
represent distributions for equal illuminations 

A the spectral energy distribution of the lamp 

B the spectral energy distribution of the blue sky 

A^ — the spectral lummosity distribution of the lamp 
B^ — the spectral lummosity distribution of the blue sky 
A® — the spectral photographic action distribution of the lamp 
B^ — the spectral photographic action distribution of the blue sky 


radiant flux of 1 watt at 0 556/2 is measured visually as 670 lumens If 
the 670 lumens are regarded as the output of the eye for an mput of 1 
watt of radiant flux, this visibility ratio is seen to represent an efficiency 
of radiation associated with the wave-length 0.556/2. 

From curves A and A' or curves B and 5', Pig. 4, a curve may be 
computed which will show relative visibilities It will be readily seen 
that a maximum relative visibility of umty is obtamed m the yellow- 
green at 0.556/2, and that in passing to shorter or longer wave-lengths 
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the relative visibilities gradually decrease to zero values at the violet 
and the red ends of the spectrum Though the ordmates of curves 
and B', Fig. 4, are too small to show on the plot beyond 0 70/x, visi- 
bilities have been measured out as far as 0 76iu. At 0.60/^ the relative 
visibility IS about 63 per cent, at 0 65/*, about 11 per cent. Values of 
the relative visibihty instead of the values in absolute umts are often 
plotted as functions of wave-length. 

Visibihties m absolute umts are obtained by multiplying relative 
visibihties by 670 lumens/watt, the absolute value at the maximum 
(this quantity is the inverse of the mechanical equivalent of light, 
0 00150 watts/lumen) Thus, at 0 556/x, 0 60^1 and 0.65/u, the absolute 
visibihties are 670 lumens/watt, 420 lumens/watt and 74 lumens/watt. 
As with the maximum visibihty, the visibilities 420 lumens/watt and 
74 lumens/watt may be looked upon as the efficiencies of the radiations 
associated with wave-lengths 0.60/i and 0.65/x. The visibility curve as 
a whole when m absolute umts may be regarded as a curve showmg the 
spectral luminous efficiency of radiation. 

The contrast of the maximum spectral efficiency of 670 lumens/watt 
with the average overall efficiency (mcludmg ultra-violet and infra-red) 
of about 6 lumens/watt for a tungsten filament at about 2200° K. 
is consistent with the conclusion reached m connection with Fig. 3, 
that the overall efficiency of that radiation in producing visual effects 
is roughly 1 per cent of the maximum, possible efficiency. 

A visibihty curve furnishes the means for obtammg a spectral lumi- 
nosity curve when the corresponding spectral energy curve is once 
known. To obtam the spectral luminosity curve in such a case, the 
procedure consists in plottmg, as a function of wave-length, the products 
of visibihties and correspondmg spectral energy ordmates. 

Lamp Efficiency. — Lamp efficiency, like other efficiencies, represents 
the ratio of an output to an input. In this case it is customary to 
measure these two quantities in different units. The input of a hght 
source is commonly measured m watts, the output m lumens, and the 
efficiency, therefore, m lumens/watt. Thus, the operatmg efficiencies 
of the ordmary 110-volt vacuum tungsten lamps range around 10 
lumens/watt. 

In some instances, as in precedmg sections, the efficiency, not of a 
source, but of the radiation from a source called luminous efficiency, is 
spoken of, just as though the radiant flux from the source, measurable in 
watts, were the mput of the eye as a machme and luminous flux, measur- 
able m lumens, were the output In ordinary vacuum mcandescent 
lamps, the rate of supply of energy, except for some small losses, is equal 
to the rate of radiation of energy. In such cases, the lamp efficiency 
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of the source, though lower, is practically equal to the luminous effi- 
ciency of its radiation. The case is different m gas-fiUed incandescent 
lamps, where the rates of supply and of radiation of energy differ con- 
siderably on account of the conduction of heat away from the filament 
by the gas in the lamp In such cases the efficiency of the source 
is noticeably lower than that of the radiation. It is generally 
easy to determine, from the context, which of these quantities is re- 
ferred to. 

Visibility and luminous efficiency are quantities of the same nature. 
Both are expressed in lumens/watt Usage, however, has limited 
the use of luminous efficiency to the ratio of total luminous output to 
total radiant flux, including therein the infra-red and the ultra-violet 
regions; and the use of visibility to the similar ratio for approximately 
monochromatic radiation. Unlike the luminous efficiency, the visi- 
bility associated with a particular wave-length is the same under normal 
conditions, whatever the actual source considered. 

t it is interestmg to consider certain values of efficiency. The highest 
ttamable value, usmg an ideal source which radiates energy only in 
lie region of maximum visibility, i s 670 lumens/watt. The highest 
I possible white-Ught efficiency from an imagmary source which would 
radiate in the visible much as does the sun but which would have neither 
infra-red nor ultra-violet radiation, would be about 250 lumens/watt. 
The highest possible efficiency for black-body radiation, a type which 
will be discussed later, is about 90 or 95 lumens/watt. Contrast these 
with the efficiencies of 10 to 30 lumens/watt, which are obtained with 
the most efficient hght sources, and it is evident that a great gam is 
possible in commercial light production. 


Color 

Color of a Light Source. — The color of a light source refers to its 
appearance when viewed directly or the appearance of a truly white 
surface Ulummated by it. It depends primarily on the spectral dis- 
tribution of the luminous flux This is true both of strongly colored 
sources, such as flames burning salts and mercury-vapor lamps, which 
have bright-line or bright-band spectra, and of tungsten and carbon 
lamps, which have continuous spectra. 

The apparent color of a source may be considerably modified by an 
intervening medium. A most conspicuous example is the color change 
which the sun seems to undergo in passing from zenith to horizon The 
cause for this, as weU as the origin of the sky as a light source, is related 
to the body color of the atmosphere. By body color is meant that 
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color which an object possesses on account of its selective action in 
absorbing, scattering and transmitting the penetratmg radiations, so 
that certam wave-lengths are more copiously reflected or transmitted 
than others In the atmosphere the agents producmg the selective 
effecte are ^ particles, small water drops, and the molecules of the 
w Itself. When the sun is high, the radiation which reaches the earth 
penetra.tes only a relatively thin layer of atmosphere. Though radia- 

effect is by far the most 
noticeable for the ^ort, or blue, wave-lengths The apparent color 
01 the sun, though 

not greatly changed, 
is appreciably red- 
dened thereby. The 
hght that has been | 
scattered, being pre- *^60 
dominantly blue, I 
gives to the medium 
that scatters it a S 
blue color, hence the j 
blue sky The agents ^ 
that scatter selec- 
tively also absorb g nwi ' ' ' i 

selectively and m ' ' Wave-iemrauS^M 

this process the blue ® Energy Curves of Sunlight at Different 

radiation is much Effects of Scattering and Absorption 

more rapidly elimi- the Atmosphere 



nated mth mcre^ed length of paths of Ught through the atmosphere 
than the red radiation. Thus the sun and the western skies at sunset 
are red(^ because of some scattering of all wave-lengths and of the 
practical ehmination of the blue by absorption The gradual change 
which takes place is well shown in Fig 5, in which are shown spectral 
Bnergy cu^es of the sun's radiation through the atmosphere, for 
vanous azimuths The passage from the zenith to an altitude of 
or instance, is accompanied by a reduction in luminosity of about 85 
per cent in the blue region (0 5/*) and of roughly 60 per cent in the 
'ed region (0 65/t). 

Colors of Material Objects. — The color of a non-luminous material 
ibject depends upon the spectral character of the incident light and 
ipon the selective action of the object on that radiation. That the 
iharacter of the source is important is shown by the contrast which the 
nercury arc and the incandescent lamp cause in the appearance of 
luman bemgs upon whom their light falls. That the selective actions 
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of objects are equally important may be shown by a simple demonstri 
tion. Several narrow strips of highly colored papers mounted end 1 
end on a dark cardboard, a diffraction grating, and a source of hgl 
yielding an mtense narrow directed beam are required. In a darkene 
room, m the narrow beam, the colored strips of paper will serve f 
secondary sources. Their spectra as seen through the gratmg wiU sho 
just how their colors are linked up with their selective actions. Th 
spectrum of a white strip will show aU colors, that of a red stnp, fc 
example, will perhaps also show all colors, but with their relative brighi 
ness, in comparison with that for the white, decreasing rapidly towar 
the violet As a result of the selective action, the center of the spec 
trum of the red stnp appears much nearer the red edge Similar chai 
acteristics will be noted for the spectra of the other colored strips. 

When the appearance of an object is due to selective action takin 
place withm the medium, the color of the object is said to be a bod 
color. Snow, steam, paint pigments, and the earth^s atmosphere ar 
illustrations. When the appearance is due to the selective reflectio 
which takes place at the surface, as is the case with most metals, th 
color of the object is said to be a surface color. Gold possesses it 
distinctive orange-yellow color because of its copious selective reflectioi 
of light of certain wave-lengths. 

Relation Between the Color of a Body as a Light Source and as . 
Material Object. — The color of a source emittmg radiations in conse 
quence of a high temperature is closely tied up with its color as a body 
The coloF of an mcandescent lamp source depends not only on th- 
temperature of its filament, but also on its selective action in emittmi 
radiations of various wave-lengths. This latter characteristic for sucl 
a source is directly connected with its selective absorbmg action fo 
radiation that may fall upon it; that is, directly connected with on( 
of the factors which determmes its color as a body. This viewpom 
wiQ be considered further m the section on “ Black and Non-blacl 
Radiators.” 


Incandescence and Luminescence 

Definitions. — Radiations belongmg to the visible and the adjaceni 
ultra-violet and infra-red spectra are divided into two classes, incandes 
cent and luminescent The distinction between the two types is nol 
entirely defimte, though ordinarily but httle difficulty is expenenced ir 
classifymg the radiation m any particular case 
Incandescence, or temperature radiation, as it is often called, is that 
type of emission in which the radiation is due to, and stands m a definite 
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quantitative relation to the temperature of the source. It is well 
illustrated by the emission from an ordinary mcandescent lamp filament 
or any other heated solid Radiation of this type gives usually, if not 
always, a continuous spectrum m which aU wave-lengths are present. 

Luminescence is that type of emission m which the radiation is not 
related m a strict sense to the temperature of the source. It is well 
illustrated by the radiation from mercury vapor m an ordinary mercury- 
vapor arc or by the radiation which comes from the arc proper (not from 
the electrodes) of any arc lamp. To illustrate, when mercuiy vapor is 
heated in an oven to the temperature which occurs in the mercury-vapor 
arc, very httle, if even a trace, of the arc radiation is observable. The 
fundamental cause of radiation in the arc source is something other than 
temperature The spectra of the typical luminescent sources are quite 
distmct, being of the bright-hne or bright-band types. 

One reason for the difiSculty expenenced in some cases in differentia- 
ting between the two types of radiation probably is the occurrence, m 
many instances, of both types in varying proportion. The present 
lack of knowledge of processes involved in various sources is probably 
another reason for this difficulty. 

Electrical Structure of Matter. — A study of the ultimate sources of 
radiation is intimately connected with a study of atomic structure. 
Many facts profoundly affectmg our conceptions of structure have been 
discovered during the past twenty or twenty-five years. New discover- 
ies are gradually being made. Theories of atomic structure are being 
formed, revamped and discarded It is not safe to predict what the 
ultimate concept will be hke However, throughout all changes in 
bheory, certam results and considerations have won well-mgh umversal 
icceptance. 

The great advance m the study of the nature of matter dates back 
jO 1859 when Plucker noticed the phosphorescent patches produced on 
jhe surface of highly exhausted glass bulbs through winch very high- 
/oltage electnc discharges were passing Subsequent work mdicated 
.hat the phosphorescence was due to rays of some kmd ongmatmg at 
iie cathode They were called cathode rays Projected m straight 
ines from the cathode, they cast shadows of opaque obstacles in their 
lath and are capable of producing fluorescence in vanous mterposed 
natenals, of being deflected by electrostatic as well as magnetic fields, 
md of charging negatively any conductor upon which they impmge. 
t was not until 1897, however, that Sir J J Thomson demonstrated 
.t the Cavendish Laboratory at Cambridge Umversity that these 
athode rays are charges of negative electncity earned by particles 
f matter.” These particles are now known as electrons. 
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Thomson obtained, moreover, a value for e/m, the ratio of the charge 
of the electron to its mass (1.766 X 10^ electromagnetic units of charge 
per gram, according to more recent determinations) which indicated 
that the mass of the negatively charged electron is about 1/1860 of that 
of the hydrogen atom as determined by electrolysis. He found ‘that 
changing the material of the cathode did not alter the value of c/m, 
indicating that the electrons, wherever found, are ahke. Later still, 
he also showed that the whole of the mass of the electron could be 
ascribed to the inertia of the electrostatic field connected with its 
electric charge. 

This view has received experimental confirmation and is now uni- 
versally accepted. The radius of the electron on Thomson's supposition 
IS of the order of 10"“ cm., roughly 1/100,000 of the distance between 
atom centers in the most compact sohds. 

Results obtained more recently by Rutherford, Sir J. J. Thomson's 
successor at the Cavendish Laboratory, and others seem to indicate that 
there is a positive elementary charge or proton whose mass, however, is 
much greater than that of the electron. It is generally beheved that 
the electrical charge of the proton is numerically equal to that of the 
electron though opposite in sign. The theory which, apphed to the 
electron, gave a radius of 10"“ cm. gives in this instance a much smaller 
value. In fact, the radii are taken as inversely proportional to their 
masses. Assuming a hydrogen atom to be made up of one proton and 
one electron, as is ordmanly done, this would mean a radius of the order 
of 10"“ cm. for the proton. Such dimensions seem to be m accord 
with, and in fact demanded by, Rutherford's work. It seems that all 
mass whatsoever is electromagnetic in nature. 

The atoms of all substances are believed to be made up of combina- 
tions of protons and of electrons sufficient in number to render the 
whole electrically neutral, and so arranged as to make more or less stable 
units In some mstances, e.g., uramum, radium, thorium, the stability 
is relatively not great, and the atoms spontaneously decompose. 

The most commonly employed concept of the hydrogen atom consists 
of an electron revolvmg m an orbit about a proton. In the case of 
hehum, the picture consists of a nucleus of four protons and two elec- 
trons about which two electrons move in relatively distant orbits. In 
the case of the other atoms, the pictures are similar, though in each 
case the excess of protons over electrons in the nucleus is different from 
that for every other atom In fact, it is the nuclear charge or the atomic 
number (the nuclear charge divided by the charge of a single proton) 
which is believed to determine the nature of the atom, i.e , whether it 
is oxygen, or chlorine, or somethmg else. Whether the electrons out- 
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side a nucleus are in orbital motion or are relatively stationary is a point 
on which people mterested in radiating properties differ with those 
interested in chemical properties. 

Metallic Conduction. — The electron theory, as it is called, has 
entered intimately into the explanation of physical phenomena. The 
passage of a current through a metal wire, for instance, may be ex- 
plamed thus* When atoms are closely packed, as in solids or liquids, 
it may be assumed to happen often, as in metals, that the interatomic 
forces are such as to result m the loose binding of certain of the electrons 
of the atoms. As a result of thermal agitation they move about among 
the atoms more or less freely. Their velocities will vary greatly in 
magnitude and direction, following generally the same distribution that 
results from the thermal agitation of the molecules of a gas. One 
difference is to be expected, however. Gaseous molecules ordinarily 
maintain their identities intact as they impact and rebound, but often 
the impact pf a free negative electron will result in its loss of freedom. 
Equilibrium conditions, however, will be mamtained through the free- 
ng of other electrons m the same or neighboring atoms. 

The application of an electromotive force to such a wire wiU cause a 
inft of the free electrons contained m it and result in an electrical 
jurrent. Electrical resistance is explained as the hindrance which the 
arger atomic masses and positive residues of atoms offer to the drift, 
i. positive residue consists of the remainder of an atom after the re- 
Qoval of one or more electrons. A considerable number of the impacts, 
hrough recombination, result in the elimination of free electrons. 
)ther negative electrons becoming free, however, must be given the 
lirected velocity in order to take up the drift required for the current. 
?his requires the constant expenditure of work and results in the heating 
/hich is ordinarily said to be due to electrical resistance. 

Differences in resistivity are accounted for by the concentration of 
he free electrons, their average velocities and their average paths 
etween impacts with atoms. On this basis insulators are merely poor 
onductors because they have very few free electrons 
The foregoing theory employing free electrons satisfactorily explains 
lany phenomena, including that of the origin of radiation in heated 
Dlids. Considered by itself, however, it fails in the explanation of 
Brtain other phenomena Other theories have been advanced which 
icceed m places where the foregomg fails, but none generally satis- 
ictory has yet been developed 

Gaseous Conduction. — Gases and vapors, including metallic vapors, 
tcept at very high temperatures, in states of eqmhbrium ordmarily 
ave their molecules so far removed from one another, and the mter- 
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molecular forces so weak, that electrons ordinarily are no longer freed 
by thermal agitation. In this condition of no free electrons, a gas or 
vapor is a non-conductor. The application of strong electric fields and 
of various other means may be used, however, to lomze a gas or vapor. 
The process consists m the tearmg away of one or more electrons from 
various atoms or molecules. In case such iomzation occurs m an elec- 
tric field, the electrons and the positive residues of the atoms or mole- 
cules that are formed will then move m opposite directions. Some of 
the electrons and some of the positive residues may associate with them- 
selves un-ionized molecules and perhaps also other electrons and positive 
residues, formmg larger electrically charged umts, usually referred to 
as ions. (Stnctly speakmg, the ion includes also the electron and par- 
ticularly the positive residue.) Whether in the presence of an external 
electric field or not, many of the positive and negative ions will recombme 
to form aggregations that are neutral or more nearly so. If neutral, 
the component parts will separate mto the original molecules 

The movement of the electncally charged ions — the positive toward 
a cathode, the negative toward an anode — constitutes a current through 
the gas or vapor. In contrast with metallic conduction, there is here 
a close resemblance to electrolytic conduction. 

The Ultimate Radiators. — The processes of lomzmg atoms and mole- 
cules and of recombimng of the component parts are intimately con- 
nected with the radiation of energy To the best of our present knowl- 
edge, those component parts taken in pairs or in groups are the ultimate 
radiators. The mechanics involved in the radiation process, whereby 
they are able to snap off, so to speak, a portion of the energy from the 
supply which has been stored up about them, is not only uncertain but 
beyond the scope of this course. Certain of the factors involved will 
be discussed to some extent, however. 

The Energy Emitted by the Ultiinate Radiators. — The energy of 
formation of an atom in comparison with the amounts of energy it 
absorbs or liberates in ordinary chemical reactions is enormous. It is 
beheved to be stored up for the most part m the space (the interpenetra- 
ting ether is stressed, according to those who beheve m its existence) 
within and between the component parts, largely as electrostatic poten- 
tial energy. 

The separation of an electron from an atom, together with the prob- 
able readjustment in the positive residue — that is, the ionization of an 
atom — requires the performance of work The energy contributed 
by the outside agent in this process will appear as electrostatic energy 
in the intervening space It represents quantitatively the energy 
which is radiated when recombination of an electron with the positive 
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aidue takes place at some later time. If perchance the frequency of 
le radiation is withm certam limits, vision may result. When recom- 
nation is complete, the total amount of energy radiated is equal to 
e energy of ionization. Atomic systems are conservative 
Much radiation takes place from atoms only partially ionized. The 
ipacts of electrons or ions driven by electric forces upon neutral atoms, 
aile often not suS&ciently severe to ionize them completely, may, 
•wever, be severe enough to produce partial ionization — that is, an 
jctron forming a part of an atomic structure may be shifted from its 
rmal stable position to another position of less stabihty. The energy 
ntnbuted by the lomzing agent, manifested by a decrease in its kinetic 
ergy, will be stored up as electrostatic energy m the neutral atom, 
ith the return of the atom to its ongmal state, this same amount of 
ergy will be radiated into space. As m the case of complete ionization, 

3 frequency may be such that vision will result. 

In case of partial ionization, the radiation process will ordinarily 
low the partial ionization at once or nearly so In case ionization is 
nplete, a considerable interval of time may elapse; and recombination 
i-y take place between component parts from atoms that were orig- 
.Uy quite mdependent. 

Values of the order of 0 001 sec and even 0 01 sec. have been ob- 
ned for the interval between a stoppage in the production of ions in 
nercury arc and the tune at which the rate of recombination had 
;ome so faint as to escape visual detection. Short as these intervals 
, they are much longer than the time usually required for an atom 
iiially ionized to return to its normal state, for which values of the 
ler of IQr^ sec. have been obtained. Regardless of the tune interval, 
process of radiation is the same. In each instance, electrostatic 
rgy, associated with the separation, partial or complete, of an 
3 tron and the positive residue of an atom, is the energy radiated 
^ simple experiment may be performed to illustrate that radiation 
urs during the return of the radiatmg matenal to its normal equilib- 
n condition rather than during the interval in which energy is being 
plied to disturb that condition A small high-tension discharge 
ween two terminals in a commercial argon atmosphere, such as 
iirs in ordmary gas-filled lamps in which the terminals are not heated 
ncandescence, will cause a flame-like discharge from which a bluish- 
te fog issues and is earned upward by convection currents A 
den stoppage of the discharge results in the immediate dying out 
he flame and stoppage of the fog formation. Now, if the test is 
ie in a darkened room, the fog formation will continue luminous, 
jgh gradually and rapidly decreasing in brightness Intervals of 
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the order of 8 or 10 seconds previous to the complete dying out 
easily obtained. The great length of time for the full recover 
probably associated with some changes other than simple ionizal 
However, it is evident that the radiation occurs at recovery. 

Radiating and Ionizing Potentials. — There are significant ( 
relatmg to sodium which illustrate the two types of radiation follow 
partial and complete iomzation. It has been found that atoms o3 
vapor, when bombarded by electrons that have speeds resulting f 
a passage through potential drops of 2 091 volts and 2.093 volts (' 
volts as measured), yield the characteristic orange-colored spec 
hues at 0.5898/1 and 0 6892/i. In this condition the sodium vapo 
not ionized and wiU not support gaseous conduction. When, howe 
the potential drop is changed to 5.111 volts (5.13 volts as measm 
ionization takes place, the vapor supports gaseous conduction, 
many more lines, including one m the ultra-violet at 0 2413/i, are fo 
in the spectrum. The hnes at 0.5898/1 and 0 5892/i follow pai 
ionization, the one at 0 2413/i follows complete ionization The pol 
tial drops required for these effects are called respectively radial 
and ionizing potentials Many other radiating potentials for sodn 
corresponding to some of its other spectral lines, are believed to e? 
but thus far experimental technique has not permitted of the proof 

The Supplying of Energy to the Ultimate Radiators in Luminescei 
— In the further discussion, a distinction will be drawn between lu 
nescence and mcandescence Certain distmguislung features seem 
charactenze the two methods, though, in each instance, before radial 
may take place it is necessary that energy be contributed to the ra( 
ting systems to bring about the separation of the component part 
the ultimate radiators. 

In the luminescent vapor of a mercury-arc lamp in operation, electr 
and positive residues of atoms are found in abundance Under 
influence of the apphed electnc field, the electrons move toward 
anode, the positive residues in the opposite direction Owing to 
constant acceleration supphed by the field, their velocities attain si 
values that many neutral atoms on which they impact are ioni 2 
Following such an impact, there will be two or more additional i 
subject to the electnc field They may also serve through impacts 
produce other ions. Along with this process, recombinations will occ 
and a steady state finally will be reached in which the rate of lonizat 
is equal to the rate of recombination. From measurements on 
ionizing potential of mercury, it appears that the kinetic energy wh 
the electnc field must contribute to an electron in order that it n 
ionize a neutral atom is nearly three hundred times as great as 
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average kinetic energy possessed by the neutral molecules of the vapor 
at 0° C Expressed otherwise, the kinetic energy which a negative 
electron must have m order to ioniae a mercury atom is equal to the 
average kinetic energy which the atoms themselves would normally 
have were they at a temperature of about 80,000° K The mability of 
mere thermal impacts at ordinary temperatures to produce ions and 
the need of electrical means are evident In accord with this conclusion, 
attempts to obtain luminescent radiations from mercury vapor, argon, 
nitrogen and hydrogen through heating the gases or vapors to a tempera- 
ture of 3200° E. gave negative results. It is to be emphasized that 
originally the energy which is radiated is supplied electrically, and that 
in magnitude it is huge in comparison with the energy associated with 
ordinary thermal agitation of the molecules. 

The sources of the energy of ionization in the sodium flame, in the 
fluorescence which may be seen when uranium glass is exposed to the 
ultra-violet radiation from a quartz-mercury arc, and in many other 
cases of luminescence, can be traced in a similar manner. Obviously 
in the cases specified the energy supply is chemical or radiational. In 
hne with the tendency to explam chemical forces and radiation on an 
electrical basis, these sources may be considered as truly electrical, as 
is the mercury-vapor arc 

One general characteristic has been emphasized in the luminescence 
of the mercury vapor. It is the fact that the temperature of the vapor 
has little or no effect on the separation of the parts of the ultimate 
radiators or on the energy which they radiate. This is probably equally 
true of all cases that are stnctly luminescent 

The Supplying of Energy to the Ultimate Radiators in Incandescence. 
— In the case of an incandescent lamp filament electrically heated, 
the onginal source of the energy is the electric current. The method 
whereby the resistance of the filament operates to make it manifest as 
heat has already been descnbed. Most of the heat thus developed in 
such a filament is transmitted by radiation and conduction from the 
intenor to the surface layers from which it is radiated into space. 

As in luminescence, the ultimate radiators in incandescence are 
probably (1) pairs of free electrons and positive residues of atoms recom- 
binmg to form neutral atoms or (2) partially ionized neutral atoms 
readjusting themselves to their normal stable conditions In both 
types of radiation the agents creating the ultimate radiators are chiefly 
electrons In luminescence these electrons have velocities which are 
directly dependent upon the electnc field m which they are located and 
not upon the temperature of the surrounding gas or vapor. In incan- 
descence the reverse is true. Within metals, as has been noted, atoms 
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are ionized with ease Thermal impacts serve not only for the formation 
of free electrons but also for the distribution of their velocities. Ther- 
mionic emission experiments seem to show that their velocities vary m 
direction and magmtude just as though they were the molecules of a 
perfect gas, with kmetic energies on the average equal to those for any 
perfect gas at the same temperature. If the frequency of radiation and 
the energy radiated depend on the seventy of the impacts resulting 
in partial or complete ionization and m recombmation, the radiation 
from a large group of radiators must depend on the temperature of the 
free electrons; that is, the temperature of the sohd. This dependency 
upon the temperature in incandescence stands m striking contrast to 
the dependency on the electric field in luminescence 
Formation of Bright-Une and Continuous Spectra. — The source of 
the radiation in the mercury-vapor lamp seems bound up with the 
motion of an electron or several of them with respect to the remamder 
of an atom In case such atomic sources are not otherwise disturbed, 
radiations consistmg only of certam defimte frequencies naturally 
result. Freedom from these extra disturbances might be expected 
where the ultimate sources are separated widely from one another and 
not affected by neighbormg atoms, as in a gas. In accord with this, the 
spectra of ordmary arc sources are of the bnght-hne type. Usually, if 
not always, such spectra are mdependent of the temperature of the 
source and are, therefore, ascribed to luminescence. 

The ultimate sources of radiation m an incandescent sohd, unhke 
those of a gas, are greatly subject to the effect of neighbormg atoms. 
Moreover, the severity of the impacts, resultmg m recombmation of free 
electrons and atomic residues, varies widely in accordance with the 
distribution law for the velocities of the atoms and the free electrons. 
A natural consequence is a great variation m frequency for the different 
ultimate sources, with, however, a tendency to group about some par 
ticular frequency as the most common. A contmuous spectrum results 
In an electric discharge through a gas under a low pressure, the 
spectral Imes, as stated, are for the most part sharp and practically 
limited to single frequencies. Increasing the piessure and brmgmg the 
ultimate sources close to neighbormg atoms and their disturbing m- 
fluences tend toward less sharpness in spectral lines and toward greater 
ranges of frequencies on either side of the frequencies charactenzmg 
the undisturbed source. Gradual increases in the pressures to which 
gases are subjected tend gradually toward the production of contmuous 
spectra like that due to highly heated hquids and sohds From this 
point of view, temperature radiation and luminescence represent two 
extremes of fundamentally the same type of radiation. 
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Too much emphasis must not be placed on this apparent connection. 
For instance, though the radiation from the firefly is apparently con- 
tinuous throughout the visible spectrum, it certainly is not due to 
temperature, to any noticeable extent — at any rate not to the extent 
that one would be led to expect by considering pure mcandescence and 
pure luminescence as extremes of the same type of radiation, and all 
other radiations, as mixtures of these extremes. 

PROBLEMS ON PHYSICS OF LIGHT PRODUCTION 

1 Find angular deviations of the edges of the visible radiation in first-order 
spectrum for a gratmg havmg 4000 hnes per cm 

2 Assume, as is customary, 3 X 10^® cm per sec to be the velocity of h^t, and 
compute the frequencies m sources of radiation which will give the various wave- 
length limits of Table I 

3 Compute the frequency for a 460-meter radio wave, compare with the audio- 
frequency of Middle C, and state the number of waves of one affected by the other 

4 Given that the charge earned by an electron is 4 774 X 10-“ e s umts, the 
change m the average kinetic energy of a molecule of gas for each degree of change 
m temperature is 2 058 X 10““ ergs, and the “ effective temperature ” of electrons 
just capable of lonuimg mercury vapor is 80,400® K Compute (1) the amount of 
kmetic energy that an electron must have m order to lomze a mercury vapor atom 
on impact and (2) the potential difference (i e , lonizmg potential) through which an 
electron must pass m order to attain the necessary kmetic energy. One e s. umt of 
potential equals 300 volts 
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CHAPTER n 
LIGHT SOURCES 

Black and Non-black Radiators 

[A G Worthing] 

Black Bodies. — Incandescent bodies are conveniently classed as 
black bodies and non-black bodies. The former essentially represent 
standards by which all real non-black bodies are judged 

A black object, as ordinarily conceived, is an opaque object that 
reflects but little of the light that is incident on it. It is a good ab- 
sorber of hght. The black body of physics is the limit m blackness of 
all black objects. It not only absorbs all visible radiations but also 
all infra-red and ultra-violet radiations. No completely black sub- 
stance is known, platinum-black, one of the nearest approaches, has 
a reflectivity of about 1 per cent. 

The closest approach to the ideal is a relatively large cavity at a 
uniform temperature, with opaque walls having a small opening for 
observation purposes. Any radiation incident on this black body, 
through the small opening, will be almost completely absorbed, no 
matter of what material the walls may be composed. The great differ- 
ence between its blackness and that of lamp-black, for instance, is quite 
apparent when the simple comparison test is made 

Non-black Bodies. — All real bodies are non-black bodies. They 
range from the almost black, platmum-black and lamp-black, by an 
infinite variety of steps, to freshly polished silver, which absorbs only a 
few per cent. The exact percentage absorbed depends not only on the 
nature of the incident radiation, but also on the temperature of the 
body, the condition of its surface, the angle of mcidence, the nature of 
the BuiTOundmg medium, and certain other less important conditions. 
As a consequence, there are not only the differences of color of ordinary 
objects, but also the changes of color that any one object undergoes on 
heating or when hghted from various directions. TTus complexity is 
partly responsible for the meagerness of knowledge regarding materials 
at high temperatures. 

Black Bodies versus Non-black Bodies as Radiators. — A generahza- 
tion of experience states that all bodies in an opaque enclosure of 
uniform temperature finally attain the temperature of the enclosure. 

26 
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Granted this, it may be shown that a black body, in addition to being 
the best absorber of radiation, is also (excluding luminescence) the best 
emitter of radiation. 

In an enclosure of uniform temperature, suppose a black body and 
an imaginary non-black body of the same size which radiates energy at 
a greater rate than the black body when at the same temperature It 
is evident that in the course of time the non-black body would become 
cooler than the black body since it could not compensate for this greater 
rate of emission by absorbmg radiation at a greater rate than the black 
body, for the black body absorbs aU radiation mcident. Since this 
would mean an equilibrium state in which there would be a difference 
in temperature, a condition contrary to expenence, it follows that such 
a non-black body cannot exist. A black body may be defined, therefore, 
not only as one that possesses a zero reflection-factor for all wave- 
lengths of radiation, or a 100 per cent absorption-factor for all wave- 
lengths, but also as one that at any temperature, in consequence of 
temperature radiation, radiates energy at the greatest possible rate 

K^chhoff’s Law. — Kirchhoff's law expresses the relation that must 
exist between the power possessed by a body to absorb incident radia- 
tion and its power to emit radiation in consequence of temperature. 
In a qualitative manner its truth is easily demonstrable A piece of 
broken crockery with a decorative pattern, heated to incandescence 
over a gas flame in a dark room, for instance, shows an unmistakable 
connection between the powers of emission and absorption. The darker 
portions of the pattern as ordmanly viewed are then noticeably the 
bnghter Those portions that are good absorbers of hght show them- 
selves, when heated, to be good emitters This effect is not due to a 
change in the characteristics of the pottery or the painted design, for 
if the hot pottery is illuminated relatively strongly the different parts 
of the pattern will reappear with their customary colors and relative 
brightnesses 

The exact statement of the law may be obtained from an extension 
of the reasoning of the preceding section. Suppose a piece of cast iron 
and a black body are placed in an opaque, constant-temperature en- 
closure maintained at 1600° K In time these bodies will assume the 
temperature of the enclosure At 1600° K., the emission rate for a 
black body is 37 3 watts per sq cm. This, therefore, is also the absorp- 
tion rate as well as the rate of incidence of radiant energy on its surface. 
Owing to uniformity of conditions in the enclosure, this is also the rate 
of incidence of radiation on the piece of cast iron. The cast iron, 
however, will absorb only 29 per cent of this or at a rate of 10 8 watts 
per sq. cm. Reflection will account for the remainder, namely 26.5 
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watts per sq. cm. In order that this method of partition of the incident 
radiation may not disturb the constant temperature equilibrium, the 
rate at which the cast iron must radiate energy wiU also be 29 per cent 
of 37 3 watts per sq. cm. or 10 8 watts per sq. cm. In general terms, 
for any given temperature, the radiation rate per unit of area for a 
non-black body, is equal to the product of the correspondmg rate 
for a black body, jEj, and the total absorptivity (that is, the absorption 
factor for the entire spectrum) of the non-black body for the black 
body radiation, au In equation form, Ejrchhoff^s law is* 

= atEb 

This law is very fundamental. It is the basis of all theoretical 
deductions regarding incandescence. It states that any body which 
is a good absorber is also a good radiator and m just the same proportion 
Thus, contrastmg carbon and tungsten, carbon is a better absorber of 
radiant energy than tungsten and, therefore, it radiates energy at a 
greater rate at any definite temperature than does tungsten 

Since all opaque bodies reflect what they do not absorb, good reflectors 
(that is, poor absorbers) are poor radiators and vice versa. 

The fact that certain bodies are good radiators of energy indicates 
nothing regarding their desirability as hght sources. Conclusions as 
to desirabUity as light sources from this point of view are not justifiable 
without further considerations. 

Emissivity and Reflectivity. — The ratio EJE^y giving the relative 
intensities of the radiations from non-black and black bodies at the 
same temperature, is usually called the total emissivity or total emissive 
power of the non-black body, In accord with present conceptions, 
the term emissive power,'' which seems to be gomg into disuse, is an 
especially descriptive term. Thus, in the mterior of an opaque body 
having a constant temperature throughout, as may be shown, black- 
body conditions exist. Radiations in imchanging rates are emitted, 
reflected and absorbed. Those which are near the surface and m 
motion toward the surface are acted upon by the surface layers in such 
manner that only a portion are able to escape into the surrounding space 
and form the radiation emitted by the opaque body. As a measure of 
the property or power of the surface layers to let these radiations 
through, the term “emissive power " seems especially fortunate. 

The definition given for total emissivity, in conjunction with the 
statement of Kirchhoff's law, shows numerical equality between total 
emissivity and total absorptivity, i.e., 
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Thus, using the results quoted in the preceding section, the total emis- 
smty of cast iron at 1600° K. is 0.29 which means that its rate of radia- 
tion of energy per unit surface area is 29 per cent of that for a black 
body at 1600° K Since the radiant energy which is not absorbed by 
a non-black body must be reflected, the total reflectivity of the non-black 
body is n, where 

r/ = 1 — — 1 — 

These values of n and a<, but not e/, strictly refer to values obtained 
when the incident radiation has the spectral distribution of black-body 
radiation having the same temperature as the non-black body m ques- 
tion. Thus, cast iron at 1600° K absorbs 29 per cent and reflects 71 
per cent of the radiation from a black body at 1600° K.; but, if the 
radiation incident comes from a black body at 3000° K., noticeably 
different numerical values are realized. Smce the emission of radiant 
energy by cast iron does not depend on incident radiation, the value 
for the emLgsivity at 1600° K. is fixed. 

Spectral Absorption, Emission and Reflection. — Similar reasoning 
apphed to vanous monochromatic radiations yields similar results for 
the radiation at any wave-length. Thus (1) at any specified tempera- 
ture, a black body radiates energy at a greater rate per unit of area in 
any limited wave-length region than does any non-black body; (2) at 
any specified temperature, the rate of radiation of energy per umt of 
area by a non-black body in any limited wave-length region, is 
equal to the product of the correspondmg rate for a black body E\, by 
the spectral absorption factor of the non-black body ax, that is 

EriK = o>\E\) 

and (3) 

flx = ex 

and 

rx = l-ax = l-ex, 

where e\ and r\ are the spectral emissivities and the spectral reflec- 
tivities for radiation of wave-length X. Analogous to total emissivity, 
spectral emissivity of a substance represents the ratio of the radiation 
intensity of the substance at a given wave-length to that for a black 
body. Values for a\ and r\ concern mcident radiation of wave-length 
X and therefore do not depend upon the spectral distribution of the 
incident radiation as do a\ and rx The quantities ax, ex and r\ vary 
with the wave-length, and it is necessary to specify the actual wave- 
length m any particular case by wntmg, for instance, cotm, niix, etc. 

/ r . i 
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Variations with temperature occur also, though they are ordinarily 
much less pronounced. 

Illustrative Data. — Consider curves a and 6, Fig. 6, spectral energy 
curves of tungsten and black body radiation at 2450° K., approximately 
the normal operating temperature of the 40-watt vacuum tungsten 
lamp. 

By definition, the ratio of the area imder curve a to the area under 
curve 6 IS the total emissivity for tungsten at 2450° K In abso- 
lute umts, the radiant flux from a black body at 2450° K. is about 
205 watts per sq. cm., that from tungsten about 50 watts per sq. cm,, 
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Fig 6 Spectral Distribution Curves for Radiant Fluxes from 
a Tungsten at 2460° K 
6 Black Body at 2450° K 
c Black Body at 2500° K 


nd the total emissivity of tungsten about 0.27. This ratio changes 
ith temperature. In accord with what has been said, tungsten at 
150° K., when exposed to black-body radiation corresponding to curve 
absorbs 27 per cent and reflects 73 per cent. 

Spectral emissivities are also illustrated m Fig. 6. The spectral 
nsaivity at 0 8m for tungsten at 2450° K. is the ratio of the ordinate 
curve a at OSju to the corresponding ordmate of curve 6. At this 
ive-length it is about 0.37; at 1.2/x about 0 31; at 2 O/i about 0 26. 
accord with the foregoing, tungsten at 2450° K will absorb about 
per cent, 31 per cent and 26 per cent of mcident radiation of wave- 
gths 0 8/x, 1 2ju and 2,0jLt, and will reflect about 63 per cent, 69 per 
t and 74 per cent of the incident radiation at the same wave-lengths. 
Iray Bodies and Selective Radiating Bodies. — Two types of non- 
ik bodies, gray bodies and selective radiating bodies, are distm- 
jhed m practice. 

rray bodies emit radiations which have the same relative spectral 
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distribution, but not the same intensity as those emitted by black 
bodies at the same temperature. For any given gray body, the spectral 
emissivity does not change with wave-length and is equal to the total 
emissivity. There are probably no real gray bodies. Amorphous 
carbon, however, represents a fairly close approach. 

Selective radiating bodies are those in which the spectral emissivity 
is not constant for aU wave-lengths. In each instance, radiation is 
relatively more abimdant in certain spectral regions than in others, 
When black-body radiation of the same temperature is taken as standard. 
Pig 6 shows tungsten at 2460° K, to be selective with emissivities at 
1 2fi and 2 0/4 equal to 0.44, 0.31 and T).26. This gradual decrease 
vith increase in wave-length also applies to the visible spectrum of 
/Ungsten by itself. 

Contrastmg the selective radiation of tungsten with the practically 
jray radiation of carbon, it is found that the color of the light from a 
-ungsten filament is somewhat bluer or less reddish than that from the 
arbon filament at the same temperature. Consistent with this, if 
ungsten and carbon are compared under a condition of illumination 
uch that their colors, as objects illuminated by some other source, 
aay be compared — a rather difficult but not impossible condition — 
b win then be found that by the reflected light the color contrast is 
list the reverse. 

FoUowmg out this viewpoint, one would expect certain effects in color 
ghting to be made possible through the selection of radiatmg bodies 
^hich possess strong color characteristics as objects illuminated by 
ther sources Unfortunately, the temperatures to which such bodies 
re ordmarily limited prevent the strict utihzation of this idea to any 
xtent. However, when the color discrimination is extended to include 
le ultra-violet and particularly the infra-red portions of the spectrum 
1 what might be here called a “ super-color ” discrimination, great 
ossibihties are found. 

Opaque and Non-opaque Radiating Bodies. — Non-black bodies may 
Iso be classified on the basis of opaqueness. All bodies, if sufficiently 
rge, are opaque to aU radiations Also, all matenals, if shaped 
ifficiently thin, are only partially opaque, and, in general, are opaque 
L varying degrees for different wave-lengths This latter characteristic 
’ partially opaque bodies, hke the color of material in opaque bodies, 
fers a basis for interesting and important development in hght sources, 
ot much headway has been made on this basis from the strict color 
scrimination standpoint. However, it partially accounts for the high 
ficiency of the Welsbach mantle Improvement seems possible in 
'oceeding definitely on this basis m development work. 
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Black-body Radiation 

Experimental Realization. — Black-body radiation is realized when 
ever there is an opaque enclosure whose temperature is uniform through 
out. In practice black-body radiation is obtamed from such an en 
closure by means of a small hole through its wall. 

The radiation from such an enclosure depends only on its temperature 
and not upon the kmd of material composmg it. An enclosure o 
carbon at 1000*^ K radiates exactly the same as an enclosure of tungstei 
or of gold at 1000° K. This feature is extremely important for high 
temperature measurements employing radiation methods. 

This independence of the material means that an enclosure ma] 
consist of vanous matenals, provided the conditions of opaqueness anc 
uniformity of temperature are comphed with, an( 
further, that, in case the temperature is such tha 
the cavity is self-lummous, one will not be able t( 
distingmsh the materials visually by means of thei 
radiations The same is true of objects within the 
cavity. This is qmte in contrast with their ap 
pearance outside such a cavity. In practice, tin 
disappearance of detail in an enclosure heated t( 
mcandescence is a working criterion to indicate the 
attainment of a uniform temperature 
The Attainment of Complete Absorption. — Ii 
Fig. 7, a beam of radiation is represented dia 
grammatically as entering a small hole in an en 
closure with a spherical, polished, interior surface 
The change in width of the lines drawn to rep 
resent the path is meant to show the successive 
changes m the intensity of the beam as it is re 
fleeted back and forth. Complete absorption o 
any beam entering the enclosure is evident. De 
pendiug on the material of the enclosure, carbon 
iron or copper, the number of reflections requued for its practical ac 
comphshment ranges from 2 or 3 to perhaps 15 or 20, but the ulti 
mate effect is the same 

Enclosures with diffusely reflectmg surfaces operate similarly anc 
equally effectively in absorbmg radiation. 

The Attainment of an Emissivity Power of Unity. — Conversely, ii 
the emission process there is a buildmg up of radiation so that wha^ 
is emitted from a small opening in the walls of a uniform-temperature 



Ulustratmg How a 
Beam of Radiation 
Entermg a Small 
Hole m a Circular 
Enclosure is Final- 
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m the Enclosure 
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conversely, Regard- 
less of the Material 
of the Enclosure, 
How its Radiation 
Builds Up mto 
Black Body Radia- 
tion 
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opaque enclosure is black-body radiation. Thus, to that radiation 
which naturally has its source at the surface directly back of the opening 
in the line of sight, there is added by reflection radiation which origi- 
nates elsewhere. Some of it undergoes but one reflection, some two, 
some three, etc. It is built up in much the same maimer that entermg 
radiation is absorbed. The number of reflected beams required to 
produce radiation which is practically black differs with the material, 
but the final effect is the same so far as the radiation from the opening is 
concerned. 

Black-body Laws. — Black-body radiation follows certain known 
theoretical laws. Because of this, the temperature of a black-body 
source is always measurable. Temperatures of other sources, particu- 
larly when the temperatures are very high, have thus far been measured 
only in terms of, or by means of, black-body radiation which may be 
m some way connected with the temperatures to be measured 

The laws which have been referred to are Stefan-Boltzmann^s law, 

E = errs 

Planck^s law, 


Wien's distribution law, a valuable approximation of Planck's law for 
visible radiation. 


Cl 


and Wien's displacement law, 

in which E represents the total rate of emission of energy per unit of 
area and is measured in watts per square centimeter, T the absolute 
temperature in , X the wave-length in /i, E\ any ordinate of the 
spectral energy curve in watts per square centimeter per centimeter 
interval of wave-length X,,, the wave-length for which the ordinate of 
the spectral energy curve is a maximum, € the base of the Napenan 
logarithms and a-, Ci and C 2 constants whose respective values in the 
ordinary system of units are approximately 5 70 X 10”^^ watts per sq. 
cm deg 3 72 X 10“^ watts per sq. cm. and 1 433 cm. degrees. 

The Stefan-Boltzmann law states, for instance, that a black body at 
2000° K radiates energy at a rate which is 2^ or 16 times as great as it 
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does when at 1000° K. This law is theoretically sound and does not 
depend for its derivation upon any assumed properties of matter. 
Though the best grounded of the black-body laws, it is relatively little 
used in actual measurements of temperature. 

Planck’s law gives the spectral energy curves of black-body radiations. 
It shows (Fig. 8) how the energy radiated is distributed as to wave- 
length. 
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Note At the nght, curves, B, C and D are shown drawn to the same scale. To 
obtam the proper relative values of the ordmates, the values obtamed from the 
curves B, C, D, E and E at the left must be divided by 3, 6, 16, 50 and 200 
respectively 


Wien's displacement law shows a characteristic change in spectral 
distribution with change m temperature. It is well illustrated m Fig 
8. Special attention should be directed to the note accompanymg the 
figure. When the curves are drawn to the same scale, as in the upper 
right-hand corner, there are no intersections of one curve with another. 
One can readily see that an increase in temperature is accompanied by 
a shift of the radiation, generally from the infra-red toward the visible 
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and ultra-violet portions of the spectrum. This shift is naturally 
accompanied by a like shift in The quantitative statement giving 
this shift is the law being discussed. 

Shift in the Spectral Energy Curve with Change in Temperature. — 
The shift of the spectral energy and spectral luminosity curves toward 
shorter wave-lengths with increase in temperature is characteristic 
Df all radiations due to temperature Thus, an ordinary incandescent 
lamp, as it is gradually heated up to normal brilliancy, passes through 
the stages of a dull red, bright red, orange and orange-white, while the 
spectral energy curve maximum shifts gradually from the far infra-red 
jO the near. For evident reasons, this shift in the spectral energy curve 
s a very important factor in determining the best conditions of opera- 
ion for mcandescent hght sources 

Luminous Efficiency. — Given the visibility curve and the laws of 
)lack-body radiation, it is only a matter of labor to obtain the spectral 
uminosity curves of a black body for various temperatures. Deter- 
nmations of the lummous efficiency of black-body radiation, using the 
uminous and the radiant fluxes thus determmed, show that it first 
Qcreases with the temperature, passmg through a maximum value of 
bout 90 lumens per watt at 6500° K , and thereafter decreases slowly. 

The cause for this change is shown in Fig. 8. As the temperature 
acreases, starting from some low temperature, the center of the radia- 
ion spectrum shifts gradually from far in the infra-red toward the 
isible, mto and through the visible, toward and into the ultra-violet, 
my process or shift which tends to throw greater and greater portions 
f the energy radiated mto the visible spectrum will obviously increase 
le efficiency of the radiation, and any process or shift which tends to 
irow greater and greater portions mto the ultra-violet spectrum will 
kewise decrease the luminous efficiency. Both processes operate at 

11 temperatures, however, below 6500° K., the former is the more 
fective, hence the gradual mcrease m efficiency, at 6600° K. the two 
lifts are equally effective, hence the passing through a maximum. At 
iis temperature the effective center of the spectral energy curve occurs 
; nearly the wave-length of maximum visibihty 

Crova Wave-length. — For each change in temperature of a source 
lere is a certain wave-length, the Crova wave-length, for which the 
rresponding luminosity vanes at the same rate as does the total 
miaous flux. Thus the bnghtness of a black body at 5000° K. is 

1 2 times that at 3000° K As may be venfied from Fig 8, this is 
30 the change in spectral bnghtness at 0 562^. For wave-lengths 
ager than 0.562/1 the change is not so great; for shorter wave-lenghts 



36 


LIGHT SOURCES 


the change is greater. For the particular temperature change the 
average change coincides with the actual change at 0 562/x, which is, 
therefore, the Crova wave-length. The exact value for any source 
changes somewhat with temperature However, for many purposes, 
it may be considered constant. This assumption is often made in 
computations where approximate values are satisfactory Using such 
a Crova wave-length and Wien’s approximation for Planck’s law, it 
is easy to compute the changes in the luminous flux from a black body 
with change m temperature. The correspondmg change in radiant 
flux may be computed directly by means of Stefan-Boltzmann’s law. 
From the two there may be obtamed by simple division the change in 
luminous eflSciency of black-body radiation with change in temperature. 

Importance of Black-body Sources. — The importance of black-body 
radiators as sources of light is not dependent on their inherent luminous 
eflS.ciencies as measured in lumens per watt, for non-black radiators at 
the same temperatures are usually more efficient. Black-body radia- 
tors are important as sources, however, m cases where, without regard 
for efficiency, high brightnesses are desired, since for a given tempera- 
ture the black-body source (excludmg cases of luminescence) has the 
higher brightness. But most of all, black-body sources are of importance 
because they serve as standards foUowmg known laws, and, therefore, 
may be, and ore, much used in the study of other sources. 

The Sun 

[A G Worthing] 

General Characteristics. — Man’s most important illuminant is the 
sun. With a diameter of 1,390,000 km. (865,000 miles) and a tempera- 
ture far in excess of any sustained temperature obtained in the labora- 
tory, the sun is nevertheless only moderate in dimensions, temperature 
and brightness when compared with other stars of the universe From 
the standpoint of mankind, however, it is unique. Its distance from 
the earth, about 150,000,000 km. (93,000,000 miles), is only 1/270,000 
of that of its nearest neighbor On account of their remoteness, these 
other stars, though probably to be reckoned by billions, contnbute 
inappreciably, in comparison with the sun, in supplying the earth with 
light and heat. 

In describing the sun. Abbot states in his book, “ The Sun ” As 
viewed through the telescope, or photographed, the radiating surface of 
the sun called the photosphere (light sphere), presents a brilliant disk 
covered by indiatmct mottlings sometimes spoken of as the ‘ nce-grain- 
structure.’ Objects much less than a second of arc or 400 miles in 
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diameter cannot be well seen on the sun, so that these rice-grainjg which 
appear . . from 100 to 500 miles in diameter are really large areas. 

. . , Generally a few dark patches (only relatively so, since compared 
with terrestrial sources they are still intensely bright) called sun spots 
may be seen, and around them if they happen to be observed near the 
edge or limb of the sun are found very bright areas called faculffi. . . . 
Photography reveals at once, what the eye recognizes less easily, that 
the photosphere falls off in brightness towards the sun’s limb.” 

At about 6 per cent of the sun’s radius from the edge, the brightness 
is httle more than half of that at the center. The faUing off differs with 
the wave-length, the shorter wave-lengths decreasmg more rapidly 
than the longer ones. As a consequence, the edge of the sun appears 
reddish when compared with the central part. 

Surrounding the photosphere is the chromosphere (color sphere). It 
consists of luminescent vapors. Measurements indicate that the 
chromosphere is about 10,000 km (approximately 6,000 miles) m thick- 
ness. Whether or not it is separate from the underlying photosphere, 
as IS our atmosphere from the solid earth, or whether the one merges 
gradually but rapidly mto the other is not known. 

Outside the chromosphere, at times of total solar eclipse, a pearly- 
hued haze, the corona, may be seen, which streams irregularly in aU 
directions from the sun as a center and extends outward for var5ring 
distances of the order of one or two solar diameters The light from 
the corona is due in part to its own high temperature, and in part to 
reflection of light from the photosphere The exact nature of the 
corona is still doubtful However, since the sources of the streamers 
at any tune seem to comcide with centers of eruptions on the sun’s disk, 
its ongm, as well as its shape, is probably due in large measure to explo- 
sive ejections of matter from the more dense portions. The tre- 
mendous violence of these eruptions produces prommences which are 
sometimes traceable outward for distances equal to a tenth and some- 
times even a third of the sun’s diameter 

A further idea of the magmtude of these phenomena may be gained 
from the fact that many sun spots are suflBiciently large to take in at 
one time several bodies of the size of the earth. 

Brightness. — The intensity of the sun’s radiation over its disk vanes 
greatly. The maximum values of illuminations at the earth due to the 
sun, taken in connection with its size and distance, lead to a value of 
candles 

about 200,000 , for its brightness. This is about 15 times that 

cm.^ 

of the crater of the open carbon arc. (See Table II.) 
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TABLE II 

Tempbeatubd, T; Color Temperature,* Tc, Brightness, B, and Luhtnous 
Efbicienct, Ej for Various Light Sources 


Boiiroe 


Sun — outside of earth’s atmosphere 
measured 
computed 
at horizon 
Clear sky (average) 

Black body at 6600° K 
4000° K 

Arcs 

Searchlight arc 
Crater of solid carbon arc 
Tungsten arc 
Flaming arc (white) 

Hg-vapor arc (glass) 

Moore CO 2 tube 
Incandescent lamps 

900-watt tungsten movmg-picture 
(as operated) 

(in open space) 

1000-watt gas-filled tungsten 
600-watt gas-filled tungsten 
100-watt gas-filled tungsten 
40-watt vacuum tungsten 
2 3-w p, c Nernst 
2 0-w p c Tantalum 
2 0-w p c Osmium 

2 6-w p c Gem 

3 1-w p c Treated carbon 

4 -w p c Untreated carbon 
Flames 

Acetylene fas a whole) 

(one spot) 

Mees burner 
Gas flame — Bat’s-wing 

Candle shape 10 cm high 
Kerosene — Flat wick 
Round wick 

Candle — Sperm and paraffin 
Hefner 

Pentane — 10 cp. standard 


Tm 

Tern 

_ candles 

E m 

“K 

“K 

cm 

lumens 




watt 


6600 

200,000 

100 


6600 

224,000 

113 



600 




0 4 


6600 

6600 

294,000 

90 

4000 

4000 

24,350 

52 2 



50,000 to 70,000 



3700 

16,000 


3655 

3800 

6,560 





23 



23 

14 



01 


3360t 


2,700 


3290 

3220 

2,630 

27 3 

2900 

2980 

1210 

20 0 

2930 

2920 

1000 

18 1 

2760 

2740 

679 

12 9 

2465 

2516 

203 

10 0 


2400 

258 



2260 

53 1 

6 0 


2185 

60 8 

6 0 


2195 

78 1 

4 2 


2165 

70 6 

3 4 


2080 

64 9 

2 6 


2380 




2465 

6 7 



2360 

10 8 



2160 

0 4 



1875 




2055 

1 27 



1020 

1 51 



1925-30 

0 5 



1880 




1920 




* See page 06 . 
t Approximate. 


Temperature. — Estimations of the sun^s temperature have been 
based upon the intensity and the spectral character of its radiation 
The estimates usually assume the radiations to be due to temperature 
alone and m fact to agree either in intensity or distnbution with that 
form a black body at the same temperature. 
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The use of the Stefan-Boltzmann fourth-power law is simple. Meas- 
urements by the Smithsonian Institution have yielded 1.932 


calories 
cm.^ min. 


for 


the solar constant, the rate of the impinging of the sun's total radiation 
on a surface normal to it at the earth's orbit. This combmed with the 

fourth-power law, with 5.70 X 10”^ ^ ^ empirical constant, 

has led to 6900° K. This value represents a lower limit. 

How Wien's displacement law, which deals with the shift with tem- 
perature of the wave-length, X», at which the radiation intensity is a 
maximum, and Planck's law, which deals with the spectral energy 
curves, are apphed is shown in Fig 9. These two methods yield approxi- 
mately 6200° K. and 7200° K , respectively. 

Efficiency of Solar Radiation. — Given the solar maximum illumina- 
tion outside the earth's atmosphere and the solar constant, simple 
computation shows the luminous efficiency of the sun's radiation to be 

about 100 . This is slightly greater than the ma x imu m efficiency 
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Fig 9 Spectral Energy Curves for 
A A Black Body at 7000° K (computed) 
B A Black Body at 6200° K (computed) 
C The Sun (observed) 


of black-body radiation, 90 • The explanation of this difference 

IS indicated in Fig 9 The spectral energy curve of the sun differs from 
that for a black body at 7000° K, (approximately that correspondmg 
to the m».YiTnnTn luminous efficiency of black-body radiation) but httle 
in the infra-red and in the visible region. However, at the blue end of 
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the visible spectrum where the visibihty of radiation is low and in the 
ultra-violet where it is zero, the sun^s spectrum is greatly reduced The 
effect IB an approximate bnghtness quality, though the radiation in- 
tensities are quite different and are such as to give the increased effi- 
ciency to the sun’s radiation. 

It is an interesting fact and possibly significant in the evolutionary 
development of the human race that the wave-length of maximum visi- 
bility, 0 . 556 / 1 , does so nearly comcide with the wave-length of the maxi- 
mum in the sun’s spectral energy curve plotted on a wave-length basis, 
consideration bemg taken of the envelopmg atmosphere. 

Spectrum. — The central part of the sun always shows dark lines 
across an otherwise continuous spectrum. As the edge is approached 
the contrast between these dark hnes and the continuous background 
decreases. At the edge itself is the bnght-hned spectrum of the chromo- 
sphere. The dark lines in the spectrum of the center are only relatively 
dark; at those wave-lengths radiation is present, but not to so great a 
degree as at the neighboring wave-lengths. 

By comparing the dark lines of the sun’s spectrum with bright-lined 
spectra obtained in the laboratory, one may form some conclusions as 
to what elements exist in the sun’s chromosphere These spectra, for 
instance, show unmistakable evidence of the existence of iron in the 
sun’s chromosphere or “ reversing layer,” as it is often called when its 
activity in produemg the dark hnes is being considered. Many com- 
mon elements have been detected in the sun, among them H, Ca, Fe, Ba 
Na, Mg, Mn, T, Sr and Or. These elements in vapor form, at extremely 
high temperatures m the chromosphere, partially or completely lomzed, 
absorb from the radiation from the photosphere those wave-lengths 
which the elements themselves are capable of radiating and reradiate 
them, with various frequencies, not in the direction in which they were 
proceeding before their absorption, but in all directions; hence the ap- 
parent lack in certain wave-lengths The gradual change in intensity as 
the edge of the sun is approached and the bright-lined spectrum of the 
chromosphere at the edge are due, as already suggested, to the gradually 
increasing effective thickness of the outer absorbing and scattenng 
layer. 

Type of Radiation Emitted. — A direct connection has been noted 
between certain solar and terrestrial phenomena, viz., aurora and 
magnetic storms. These as well as certain spectral evidence point to 
the surface of the sun as the seat of tremendous electromagnetic dis- 
turbances. Probably, therefore, an appreciable part of the radiation 
is due to l umin escence. If so, the explanation of the continuous char- 
acter of the spectral energy curve is in part to be asenbed to the high 
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pressures experienced in the photosphere It is evident also that a 
great portion of the radiation has a stnctly thermal origin. 

Source of Energy Radiated. — One of the great m 3 ^teries, until 
recent years, has been the means whereby the sun has been able to 
maintain its high temperature but little changed during past geologic 
ages despite the present staggering radiation loss of 3.8 X 10^® watts 
(a rate representing the meltmg of 300,000,000 cubic miles of ice per 
second) which must have been kept up throughout Geologists have 
demanded a sim that should maintam the earth’s temperature roughly 
constant for 50,000,000 or 100,000,000 years Until recently, physi- 
cists, assuming that the energy was due to the change of potential 
energy mto kinetic energy which accompanied the gradual shrinking 
of the radiatmg mass, have admitted of a considerably lessened interval 
for the period of approximate constant incandescence. However, the 
discovery of radioactivity and of the relatively immense amounts of 
energy that may be released by mtra-atomic changes seems to render 
plausible the continuous supply demanded by geologists. 

Note — In the following sections on gas, electric incandescent and vapor tube 
lamps, A. G Worthmg has contributed portions on the physics of hght production. 

Hluminating Gas and Other Flame Sources 

pS Lyon] 

According to the nature of their radiations, flame sources are classed 
Eis luminescent or incandescent. The luminescent class contams many 
individual types; but, possibly because the effects which can be ob- 
tained by them may usually be obtained more satisfactorily otherwise, 
for instance by the flammg arc, very little use is made of them for 
lUumination purposes. For the use that has been made, reliance has 
usually been placed on their great color possibihties. In this connection, 
dames burning salts of sodium, potassium, calcium and other alkali and 
ilkahne earth metals are most valuable. Their spectra are always of 
the bnght-lmed type. While luminescence in flames is usually ascribed 
bo chemical action, in a more specific way it is ascribed to the recom- 
Dination of electrons and ionized atoms and to the return to equihbnum 
Df atoms following electncal impacts between them and other electrons, 
onized atoms and neutral atoms. It is well known that flames are nch 
n ions. 

Sources of the former class iuclude most, if not aU, that were used 
’or lUummation purposes up to the advent of the commercial electric 
irc, among them the oil lamps of the ancients, the candle and kerosene 
amp, as weU as the more recent ones usmg coal gas, Pmtsch gas, car- 
:)uretted air gas and acetylene. 
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A little over one hundred years ago, Murdock in England first pro- 
duced gas by destructive distillation and made a test of hghtmg by 
gaseous fuel conducted through pipes. At first, the combustion process 
was not understood, as it was thought to be somethmg that mvolved 
the gas alone rather than its union with air, and so grave fears were 
entertained as to the possibihty of stormg the gas in holders to be 
delivered variously through piping to burner outlets. 

niuminatmg gas produced by destructive distillation is a complex of 
many different gaseous compounds, together with the elementary gas, 
hydrogen (H), and some mert nitrogen (N). It is produced by the 
destructive distillation of almost any organic compound, notably coal; 
with a good measure of volatile mgredients. 

Constituents. — Bodies of the 

1. Paraffin series, as Methane, Ethane, Propane, Butane, etc 

2. Olefin series (unsaturated) as Ethylene, Propylene, Butylene, etc, 

3. Acetylene series, as Acetylene, AUylene, Crotonylene, etc. 

4. Benzene senes, as Benzene, Toluene, etc. 

Carbon monoxide and sulphur are also constituents of coal gas. 
The larger percentage of the constituents of coal gas are normally 
gaseous bodies, but some, as pentane, butylene, benzene and toluene, 
readily condense to liquid form at low temperature or moderate pressure. 

TABLE III 

Sample Analysis op Gas (Per Cent Volume) 


H (hydrogen) 

CO (carbon monoxide) 

CH4 (methane) 

CoHb (benzene) 

Heavy hydrocarbons, ethylene, etc 
Higher paraffins 
CO2 (carbon dioxide) 

0 (oxygen) 

N (nitrogen) 


Coul 

Water 

(Carburetted) 

47 04 

32 4 

8 04 

30 7 

36 02 

13 9 

5 

6 

4 25 

12 8 

0 00 

2 4 

1 6 

2 7 

39 

70 

2 16 

3 8 


Coal gas IS manufactured from coals having a rather large percentage 
of volatile mgredients as, for example, 17 to 35 per cent Accordmg to 
the volatile portion, a ton of coal will yield from 9000 to 13,000 cu. ft. 
of gas. In general, coals that are classed as bituminous are suited for 
the manufacture of coal gas. 

Manufacture. — In the manufacture of coal gas, coal is placed m a 
retort capable of being hermetically closed and subjected to external 
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heat to drive out volatile ingredients in the form of gas, tar, water 
vapor, etc. The residue is coke. In fact, illuminating gas is a by- 
product of cokmg when the primary object is the manufacture of coke 
for use in smeltmg furnaces. 

Whether coal gas is to be used for heating or hghtmg, it must be puri- 
fied in order to be freed from tar, sulphur, etc. As the process of 
purification is similar to that used for water gas, a description of methods 
of purification will be given m connection with the discussion of water 
gas 

Water-gas Manufacture. — A rating of lUummating gas that desig- 
nates its heating power is expressed m British thermal umts, which 
expression is commonly abbreviated to B.t u. A Bntish thermal unit 
designates a perfectly defimte quantity of heat, namely, the quantity 
of heat required to raise the temperature of 1 lb. of water 1° F. A 570 
B t.u. gas IS one that by burning 1 cu. ft. will raise the temperature of 
570 lbs. of water 1° F. A 20-candlepower gas is one which by burning 
at the rate of 5 cu. ft. per hour in an open-flame burner will give 20 
candles in a horizontal direction. 
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Fig 10 lUustrativo Diagram of Water Gas Apparatus 


Water gas is manufactured from anthracite coal, 30 lbs. of coal 
yieldmg about 1000 cu ft, of gas The coal is introduced into a generator, 
Fig. 10, and is kindled as a coal fire Air is forced into the generator until 
the entire mass of coal is glowmg Then the air is shut off and steam is 
forced through the mass of hot coals This is known as the “run.” 
In the lower part of the generator, water is decomposed into hydrogen 
(H) and oxygen (0), and an atom of carbon (C) takes up two atoms of 
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0, fonmng carbon dioxide (CO 2 ). In the upper part of the generator, 
CO 2 + C forms two molecules of carbon monoxide (CO). CO and H 
pass on into what is termed the carbureter. 

Such a mixture would burn with a blue, non-lummous flame and be 
of rather low heating value, about 300 or 350 B.t.u. It would not be at 
aU suited to give hght in an open-flame burner. To give it a higher 
B.t.u. value and render it capable of producing luminosity, about 4 
gallons of oil per 1000 cu, ft of gas are sprayed mto the carbureter and 
the vapor passes along with the gas over a mass of heated bncks. Car- 
buretted water gas has a B.t.u. value of about 650 and burns with a 
luminous flame. 

In the carbureter, the od is broken up mto various hydrocarbons 
by a process known as “ cracking ” From the carbureter, the gases 
pass on into a second chamber known as a superheater.” This latter 
also contains hot bncks but is of somewhat lower temperature than the 
carbureter. The object of this process is to fix the form of the various 
gaseous and semigaseous bodies. If too great heat were applied m the 
superheater, hydrocarbons would be broken up into C (sohd) and H, 
and the heat and illumination values would be lessened. 

The coal m the generator is qmckly cooled by the steam. A run 
lasts but a few minutes and must be followed by a “ blow.” That is, 
the onginal process of forcing in air to brmg the coal again to a glow 
must be repeated and this m turn must be followed by a second run, 
and so on until the mass of coal is used up. The bricks in the carbureter 
and superheater are kept hot by forcing air in at intervals The oxygen 
of the air m combination with gas again raises the temperature of the 
bricks to a glowing condition. 

Purification. — From the superheater, the gas passes through a tube 
into a wash box, the tube terminating under water. Thus the gas is 
cooled and in a measure freed from tar. Thence the gas passes mto a 
'' condenser ” for further cooling and further tar removal. The con- 
denser is fitted with tubular passageways arranged to be surrounded 
with water. The gas then enters a scrubber, which is a chamber fitted 
with trays or slats that expose large surfaces to passmg gas. In the 
scrubber still more tar is removed along with hght oils. Thence the 
gas passes into a relief holder (merely a gasometer) and followmg this 
to a specially designed (P. and A.) tar extractor. Now the gas is 
forced along by an exhauster into a purifier filled with trays cairying 
shavmgs impregnated with hydrated iron oxide, for the removal of S, 
which is accomphshed through a sort of catalytic action on H 2 S From 
the purifier the gas passes into the well-known holder for storage and 
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transmission. When oils are high in pnce, it is a common practice to 
supply to consumers coal gas or coal gas and water gas mixed. 

There is a marked general movement at this time to remove the 
legislative requirement for a specific candlepower gas and substitute a 
B.t.u. standard. Such gas would not be suited to an open-flame burner, 
as it is deficient in hydrocarbons. 

Other gases employed in illumination are- 

1. Acetylene produced by the action of water on calcium carbide 
(CaC 2 , formed in the electric furnace by the reaction of coke and CaO). 
The reaction is as follows: CaC 2 + H 2 O = CaO + C 2 H 2 . 

2. Blau gas, manufactured from oil. 

3. Producer gas, made by passing a limited amount of air over hot 
coal and necessarily containing N as a part- of its composition. Acety- 
lene is excellently adapted to isolated plants Vaporized gasoline is 
also supplied to burners in isolated plants and bums as a gas to procJuce 
mantle incandescence. 

Only gases known as hydrocarbons yield free C on burning and only ' 
such gases give appreciable hght. In each case, light production is a 
consequence of the breaking down of the hydrocarbon fuel while m a 
gaseous state and the formation of carbon particles which, previous to 
their ultimate oxidation, radiate because of their high temperature. 
To put it in another way, the illuminating power of gases when used in 
the open flame is due to the incandescence of particles of C freed from 
their combination and floatmg through the flame where they are finally 
consumed at the border on reachmg a supply of secondary air. In 
conformity with this, hydrocarbon flames give continuous spectra and 
match m color almost perfectly with black bodies at suitably chosen 
temperatures. 

Structure of a Hydrocarbon Flame. — A visual inspection of the 
flame of an ordinary candle shows a structure (Fig. 11 6) characteristic 
of most, if not all flames of hydrocarbons burning in air. Four distinct 
regions are to be seen, viz.* (a) a faint, thm, blue enclosing sheath; 
(6) a large, bright, yeUow-white dome, (c) a large, dark space; and (d) 
a bright, blue, thin layer between the outer sheath and the dark space. 
Exact counterparts of these are found m the lummous Bunsen flame 
(Fig. 11 c) In the non-luminous Bunsen flame (Fig. 11 d), however, 
there is no counterpart of the large, yellowish-white dome By the 
gradual opening of the air vent of the Bunsen burner, it is readily seen 
that the portion (d) of the luminous flame is identical with the inner coiie 
of the non-luminous flame Since the non-luminous Bunsen flame is 
a luminescent flame, this transformation shows in a significant way 
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the relation of the two types of flames to one another. In all incan- 
descent flames there are associated many strictly luminescent radiations. 

The products of combustion are H 2 O, CO 2 and N, the N being merely 
an atmospheric associate of 0. Exactly what processes occur in various 
portions of the flames is not surely known, though the general plan is 



(ct) - Structore of hs^droaren flame in air 
- •* “ candle 

r c) . “ ** luminous Bunsen flame 

id)** " “ non-lmnmouB Biinaeu flame 

Fig 11 Flame Structure 

certain. In the dark space, fuel streams upward and outward and is 
gradually heated on the way to the flame boundary. On the way and 
to some extent after passage through the flame boundary, the more 
complex hydrocarbons of ordinary coal gas, for instance, break up into 
simpler hydrocarbons, such as methane and acetylene, and into free 
hydrogen and free carbon. At the lower outer edge of the dark space, 
the temperature is sufficient to brmg about this decomposition of fuel 
The oxygen of the air, which diffuses in, reacts hero directly with the 
fuel m gaseous form and gives only a luminescent spectrum, the visible, 
bright blue radiations of which are associated with the forming of CO. 
Higher up, the carbon set free collects into small particles which, in 
consequence of their own oxidation of the energy set fiee by the oxida/- 
tion of the other breakdown products about them, are raised to in- 
candescence and radiate energy into the surrounding space. As sources 
of radiation, they act hke ordinary sohd carbon heated to incandescence. 
As they are carbon, their radiation is only slightly different from black- 
body radiation and is subject to the same general variation with tem- 
perature Origmating m the same region, however, there are also 
luminescent radiations corresponding to the oxidizing of the breakdown 
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products which have retained a vapor form. They are comparatively 
very weak, however, and, moreover, are of such frequency as to be of 
little effect visually. In the outer sheath, oxidation to CO 2 and H 2 O 
takes place for the remaining fuel. The color of this sheath is associated 
svith the transformation of CO to CO 2 , since the formation of H 2 O is not 
iccompanied by visible radiation. 

TABLE IV 

Approximate Volumes op 0 and N and of Air for Complete Combustion 
OP One Volume of Gas 


Flame Constituents 

Air 

Total Products CVolumes) 
per Cu Ft Qas 
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Produots 

Qas 0 Ni 
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:!0 

i 
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2 

3 
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12 

15 

2 

2 

12 

16 
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2i 

10 
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2 

1 

10 

13 

3 H 4 

2 

8 

10 

1 

2 

8 

11 
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Several conditions favor luminosity of the open flame: (1) flame 
temperature, (2) carbon content of the gas, and (3) manner in which the 
hydrocarbons are broken up. 

Flame Temperature. — The actual temperature of a flame depends 
upon: 

(a) The number of heat units resulting from union with oxygen of 
the air; 

(b) The dampening effect due to the heat absorbed in raising the end 
products to a higher temperature; 

(c) Radiation of constituents; 

or in other words, on the nature of the fuel and the conditions of burning 

H 2 O vapor, N and CO 2 have a marked dampening effect. N is the 
serious drag on flame temperature, for it is present in the air in the 
proportion of four volumes to one of oxygen, and is in no degree a 
producer of heat but must be raised to higher temperature by the other 
gases which in burning do produce heat. The oxy-hydrogen or oxy- 
acetylene flame finely illustrates possibilities in flame temperature 
without the incubus of N. 

The determination of flame temperatures is very difficult. The 
results are rather discordant, though for lummous hydrocarbon flames 
they are much less so than for the non-luminous hydrocarbon flames and 
other flames generally. 

A method of measurement often used involves a knowledge of the 
heat produced and absorbed by the products of combustion An in- 
spection of Table V shows the hne of reasoning involved in calculating 
relative flame temperature when the relative amount of heat produced 
and the amount absorbed by the products of combustion of equal 
volumes are known. 

The fractions representing the relative rise of temperature per B t.u. 
multiphed by the related B.t.u. values for the gases will give the relative 
rise of temperature. 

It may be understood that the values of relative rise of temperature 
in Table V are only illustrative and are based on the assumption that 
specific heats as given are uniform for a wide range of temperature, 
which is far from the fact. True flame temperatures are given in 
Table VI. 

Table VI shows for a number of gases the B.t u. values (low), flame 
temperatures (° K ), and the relative (approximate) rise of temperature 
given by simple calculation Low ” value as applied to B.t.u. signifies 
the amount of heat yielded by combustion exclusive of that returned 
by condensation of water vapor. 
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TABLE V 

Rjbilativbi Quantitibs of Heat Absorbed in Hbatinq Onb Volume of Pboducts 
P AND THE Total Eelattve Heat Absorbed by tbdbi Products of 
Combustion in Burning One Volume of Specifio Gases 


Produota 


Rel Wt 
of Equal 
Volumes 


Speoifio 

Heat 


Rel Ht 
Absorbed per 
Equal Vol 


Relative Heat Absorbed by Products of Com- 
bustioii of the Following, per 1° F. Rose 
in Temperature 



CiH* 

CHi 

CO 

CaHi 

H* 

CoH. 

Na 28 24 6 72 

80 5 

68 7 

13 44 

07 2 

13 44 

201 8 

HaO 18 4715 8 55 

17 1 

17 1 


8 5 

8 5 

25 8 

CaO 44 201 8 8 

17 8 

8 8 

8 8 

17 6 


52 8 

Total relative heat absorbed in complete combus- 







tion by all the products (approximate) for 1 vol- 
ume of gas 

110 7 

80 5 

22 5 

94 4 

22 2 

283 4 

(A) Reciprocal of heat absorbed — relative nse of 


1 

80 5 

j 



1 

288 4 

temperature per 1 B t u . 

nr? 

El 


El 

(B) Heat produced — B t u (Low) 

1610 

010 

330 

1477 

272 

3674 

Product A X B 

12 0 

11 4 

14 7 

15 e 

12 3 

12 e 

Relative (approximate) nse of temperature 

1 12 

1 

1 28 

1 36 

1 07 

1 10 


TABLE VI 


Certain 

Heat Produced per Cu 

Approximate Relative 

Flame 

Oases 

Ft B t u 's (low) 

Rise of Temp 

Temp " K 

JO 

330 

1 28 

2100® K 

J2Ei 

1510 

1 12 

2000 


3574 

1 10 

2016 

:h4 

919 

1 00 

1860 

3s 

272 

1 07 

1960 

J2E2 

1477 (P) 

1 36 

2130 (Lava tip 
burner) 

Joal 

480-650 


1880 (Bat's wing 
burner) 

Vatei 

450-600 

. 

2000 


In round numbers one may take as the average luminous flame 
emperature 1925° K for the candle and 2000° K. for the kerosene 
amp. 

In contrasting hydrocarbon fuels, it is found that acetylene gives the 
lighest temperature This agrees with Table VTI, which shows that 
ts heat of combustion per unit volume of combustion products is the 
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greatest, 1.09 vapor ^ 0 93 for coal gas and 0.82 for 

methane, the principal hydrocarbon constituent of coal gas. The im- 
plied relation does not necessarily hold true when there are differences 
in the cooling action of the radiating luminous particles in the relative 
amounts of CO 2 and H 2 O formed, hence in the heat conduction and 
convection losses, and m the concentrations of the flame for a given rate 
of energy consumption. Some measurements indicate, for instance, 
that the temperature of a Bunsen flame is lowered over 150 degrees on 
cholcmg off the air supply. In this decrease the effects of all three con- 
siderations just mentioned are combined Only for the same conditions 
of burmng is an increase in heat combustion for different fuels neces- 
sarily accompanied by an increase m flame temperature 
Carbon Content and Lamp Efficiency. — The relative carbon content 
of gases, assuming reduction to CH4 and free carbon atoms, is expressed 
by a formula 


C 


H 

4 


which shows what fractional part of the carbon atoms are freed and 
become available for incandescent sources in the luminous flame. In 
the formula C and H express the relative numbers of C and H atoms 
in a molecule of gas under consideration 

Applying this formula, the carbon indices for a nmnber of hydro- 
carbon gases, liquids and sohds vary from 0 for methane (CH 4 ) to 0.821 
for anthracene (C 14 H 10 ). 

If an index is less than 0.30, the flame has poor luminosity, if greater 
than 0 40, the flame is smoky (without special means of mtroducing 
air). A case of the latter is kerosene (C 10 H 22 ) whose index is 0 45 . 
Smoking is prevented by draft-inducing chimnej^ 

The lamp efficiency of a hydrocarbon fuel and the device in which 
it IS burned, taken together as a source, depends on the relative num- 
ber of carbon particles liberated on heating and on the temperature 
to which these particles are heated. To some extent, the former factor 
is opposed to the latter In any flame source, there is always a great 
loss of energy through other means than temperature radiation, the 
principal ones being those of convection and conduction Other 
things being the same, the greater the number of carbon particles, the 
greater will be the portion of the energy supply which will be radiated 
by the incandescent particles. This consideration points to a high 
carbon content as a desirable fuel characteristic. Other tilings bemg 
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the same, the higher the flame temperature within certain very high 
limits, the greater will be that portion of the radiation which occurs 
withm the visible limits. The temperature of a flame, as already noted, 
decreases with an increase in the number of carbon particles liberated 
per umt volume of the dissociated vapor. In that a greater number of 
carbon particles per given volume means a greater rate of loss of energy 
by radiation and consequently a reduced temperature, this considera- 
tion points to a low carbon content as a desirable fuel characteristic. 
The temperature and the carbon content factors are thus somewhat 
opposed to each other. In practice, some sort of medium carbon 
content is, therefore, desirable. 

EQustration of the influence of carbon content and temperature is 
shown to some extent in Table VII, in which data for the principal 
constituents of coal gas are given. As already explamed, the column 
headed calorific value in kilocalories per liter of combustion products 
gives an approximate indication of flame temperature. The column 
headed carbon content, gives, in a rough way, the relative number of 
carbon particles formed. However, since the values given for illumi- 
nating value and eflSlciency represent the most favorable conditions of 
burning for each fuel, the carbon content as given is not a true index for 
the flames for which efiSciencies are given. The carbon content given 
represents a maximum which may be greater than the effective content 
due to aerating the gas. So far as a comparison of the eflSlciencies of 
the gaseous fuels, CH4, CsHej C4H8, C2H2 and C2H4, neglectmg the slight 

difference between C2H4 
and C4H8, is concerned, 
the gradual increase in 
efllciency might be due 
to either a gradual m- 
crease in carbon content 
or to a gradual increase 
in temperature. The 
temperature factor ex- 
plams, however, the 
small difference in effi- 
ciency between CyH^ 
and C4H8 as well as the large difference between C2H2 and CeHo. For the 
reason given m the note to Table VII regardmg naphthalene, the con- 
clusion that one might otherwise draw regarding naphthalene is nol 
well founded. Unfortunately, sufficient precise data of the type showr 
in Table VII are not at hand for showing the deleterious effect of toe 
high carbon content. This effect, however, has been shown m a candle- 
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Eta 13. The Candlepower of Flames Burning Mix- 
tures of Acetylene and Hydrogen in Air Using a 
Brass-tip Burner Without Air Vents, 
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power test in which acetylene vapor previously mixed with hydrogen 
was used with a metal sht burner. Fig. 13 shows the results for vary- 
ing percentages of mixtures. Starting with approximately zero candle- 
power for a 16 per cent acetylene flame, there was a gradual increase in 
candlepower with increase m the acetylene content up to about 56 
per cent. With further increase m acetylene content there was a 
gradual decrease in candlepower. For an 85 per cent mixture, the 
candlepower was only two-thirds of the maximum. At these higher 
percentage mixtures, the flame becomes smoky, the temperature having 
been so lowered that not aU of the fuel is consumed. For the present 
consideration, the point to be emphasized is that, after a 65 per cent 
acetylene, 45 per cent hydrogen mixture is reached, increase in carbon 
content due to a further increase in acetylene richness, even though 
accompanied by a greater calorific value per unit volume of combustion 
products, results in a decreased total luminosity and lamp efliciency. 

Available Free Carbon at Any Given Moment — A cubic foot of 
C 2 H 4 and a cubic foot of C 2 H 2 have the same weights of C, and con- 
sequently the same number of C atoms are concerned m the reactions 
at any given moment when burning at equal rates. The candlepowers 
of the gases (burned m open-flame burner) are as 13.7 to 48. The flame 
temperatures of C 2 H 4 and of C 2 H 2 vary as 1 to 1.17, which by the laws 
of black-body radiation should give for the C 2 H 2 flame seven or eight 
times as much light as for the C 2 H 4 flame. But as the candlepower of 
C2H2 IS httle less than four times that of C2H4, one must conclude that 
more C particles are free and incandescent in C2H4 or that the C particles 
are free and incandescent for a longer period of tune. In C 2 H 2 , mole- 
cules may keep the form CH4 to the border of the flame and thus not 
exist as free C particles for more than an inconceivably short penod of 
time. 

Fuels and Burners. — There are many types of burners. In the 
candle, the wick is the burner. In addition to brmging the fuel to the 
flame by capillary action, it serves to keep the flame away from the 
large body of fuel to such an extent that only sufficient energy is lost 
to liquefy it and thus prepare it for its transfer by capillary action. 

Kerosene lamps are extensively used, particularly m country homes. 
The burners used in these lamps are simple and require but httle dis- 
cussion The chimney and air vents control the air supply, protect 
from drafts, and to some extent preheat the incoming air. Kerosene 
has a high carbon content, and without the chimney tends to smoke 
Even with the chimney it must be burned in a narrow flame m order 
that the oxygen of the air may rapidly penetrate the vapor and cut down 
to a considerable extent the formation of carbon particles by direct 
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oxidation of the freed carbon atoms before they have opportunity to 
exert much cooling effect by radiation An optimum adjustment of 
wick height for maximum illuminating power occurs in each lamp. 
The standard illuminatmg power for kerosene burned in a common 
flat flame is about 1100 candle-hours per gallon, measured normal to 
the flame. The luminous efficiency of 0.035 candle-hours/kilocalorie 
is roughly twice that of the ordinary open coal-gas flame. 

The open-flame burner using illuminating gas has practically dis- 
appeared as a Ught source, havmg jdelded to the much more highly 
efficient and steadier Welsbach mantle and the electric incandescent 
lamp. The former candlepower specification for coal gas is giving 
place to one relatmg to heat content. The burners for open gas flames, 
whether constructed of metal or of lava, are essentially limited to three 
types In the bat-wmg burner, the gas issues from a narrow slot and 
forms a thin sheet of flame of much higher candlepower than one result- 
ing from gas dehvered through a round opemng. In the fish-tail 
burner, two circular streams of gas meet at an acute angle and on igni- 
tion likewise spread out into a thm sheet of flame. In the Argand 
burner, parallel cyhndrical jets of gas issue from a number of opemngs 
arranged m a circle and on ignition form a cylindrical flame enclosed 
by a glass chimney. The air for combustion is supplied from the 
bottom of the burner. 

Acetylene light sources rose to considerable prominence in the early 
years of automobile hghting. The production of acetylene for town 
fighting was also started but its use now seems to be hmited to a small 
number of more or less isolated dwellings and hotels, to miners^ lamps 
and navigation buoys. The burners used with acetylene are usually 
lava tips with air vents. The tip is provided with jet openings that 
distribute the gas streams at such an angle as to make one stream abut 
upon the other and thus produce a flat flame. For practical purposes 
they are small Bunsen burners with air controls permanently fixed m 
such a way that the flames burn without smoke and at their maximum 
efficiencies. Due to its very high temperature, the efficiency of the 
acetylene flame is relatively high, 0 125 candle-hours/kilocalorie. It 
is somewhat better than that obtamed with the Welsbach mantle in an 
ordinary coal-gas flame Commercially, however, this advantage is 
more than offset by other considerations 

Pmtsch gas is obtained from the destructive distillation of petroleum. 
It contains largely methane, CH4, along with some heavier hydro- 
carbons. Compressed in tanka from 8 to 14 atmospheres, it has been 
largely used for railway, lighthouse and buoy purposes. Used with a 
Welsbach mantle, its efficiency is greatly increased. 
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Carburetted air gas consists usually of a mixture of air with a very 
volatile gasoline and is most commonly employed where the use of other 
artificial gas, natural gas, or electric hghts is not possible or convenient. 

When burned m open-flame burners, coal and carburetted water gas 
of 450 to 650 B.t u. value give varying candlepowers ranging from 2 4 
to 4 per cu. ft. of gas consumed. This light-giving power may be 
increased six or more times by burning the gas in a Bunsen burner 
(blue-flame, non-luminous) and introducing sohd substances, other than 
C, that give radiation selectively in the visible spectrum. 

Among solid substances having favorable radiating characteristics 
are the oxides of the rare earths, as erbia, yttria, lanthana, cena and 
thona. These substances, furthermore, may be formed in hght masses 
with considerable tensile strength and their composition is stable at the 
high temperature of the Bunsen flame. 

The Incandescent Gas Mantle. — About forty years ago. Dr. Karl 
Auer von Welsbach (Vienna) discovered quite accidentally that oxides 
of the rare earths possess the characteristics named. In examining 
the spectrum of erbium, he conceived the idea of saturating a cotton 
thread with a soluble salt of erbium and then burning out the organic 
noatenal, thus leaving an oxide for spectral study He was surprised 
to find on introducing the thread into the Bunsen flame that .when the 
organic matter had burned out, a coherent replica of the original thread 
remained and glowed brilliantly in the Bunsen flame. This was the 
inception of the modern incandescent gas mantle 

This discovery was followed by efforts to produce a cylindrical or 
comcal form by saturating loose fabnc of appropriate shape for suspend- 
ing over the Bunsen flame, and then burning out the orgamc matter. 
First results were not promising in the amount of light produced. 
Erbia as a radiatmg material gave only about twice as much light as 
could be produced by burning the same amount of gas in the open flame. 

After Dr Auer discovered the hght emissivity of the erbia filament 
and its coherency, he investigated other bodies of the rare earth group 
and finally formed mantles containing cena, lanthana and zirconia. 
The first commercial mantles were of such composition These gave 
only 2| to 3 times the light obtained by burning gas in an open flame. 
Considenng the high price of these first mantles, the results hardly 
justified the expenditure. Furthermore, these mantles had a fatal 
defect' they became soft through the action of CO 2 and H 2 O, much as 
quicklime slacks with the elements Further investigation led to the 
development of ceria-thoria mantles which were altogether superior in 
every way, in structural qualities, permanence, and emissivity in the 
visible spectrum. This discovery marked the beginning of a profitable 
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mantle industry throughout the world. Although these results were 
obtained by empirical methods, the selection of materials has been 
shown by careful scientific investigation to be the best possible one, 
considermg present knowledge of suitable compounds and combinations. 

Mantles of today give about six tunes the hght obtainable by burn- 
ing gas m the open flame, and contam about 1 per cent Ce02 to 99 per 
cent Th02. They radiate energy in the portion of the spectrum that 
mcludes wave-lengths well suited to illumination. An ideal mantle 
material, provided it possessed sufficient strength and permanence, 
would be one emitting luminous radiation only, and of spectral distnbu- 
tion best suited to the eye. 

Ce02 (ceric oxide), when heated alone to a high temperature, has 
high emissive power in the visible portion of the spectrum, but it also 
has high emissivity in the infra-red portion of the spectrum A mantle 
made of pure Ce02, because of its high emissivity, in general, cannot 
approach the temperature required to give high emissivity in the visible 
spectrum. By its high heat-radiating quahty, it keeps itself relatively 
cool. In consequence of this quality, a mantle made of Ce02 is a poor 
light-giver Th02 (thorium dioxide) has an emissive power that is in 
a sense complementary to that of Ce02 It is a poor heat radiator and 
of low emissivity in general. In consequence of this fact, when a mantle 
of Th02 is placed in the flame of a Bunsen burner, it reaches a tempera- 
ture only 130° C below the temperature of the flame, which is about 
2100° absolute. However, Th02 would nOt make an efficient hght 
radiator because it emits so httle energy m the luminous form 

If a mantle composed of Ce02 and Th02 in about the proportion of 
1 part to 99 be heated in a Bunsen flame, the preponderance of Th02 
wiU give to the structure a very high temperature. Ce02, to be sure, 
is a drag on this temperature, but its mass is so small that it cannot 
prevent the attainment of a very high temperature in the combined mass. 
At the temperature of the combined oxides, Ce02 gams high emissivity 
m the visible spectrum, which it could not attam without the aid of 
Th02 Any gam m the temperature at about 2000° K. results in a 
remarkable increase in emissive power in the visible spectrum This 
mcrease varies as the eleventh or twelfth power of the temperature for 
the luminous rays, but only as the fourth power for the total radiation. 
Luminous radiation of a very small mass of Ce02 at high temperature 
is far greater than that of a large mass at lower temperature Accord- 
ingly, mantle material so combined has the maximum luminous efficiency 
that is, the maximum efficiency in the production of radiations of wave- 
lengths between 0.4/x and 0 7/^. In departing from the proportion of 
Ce02 to Th02 either way, there is a loss of candlepower of the mantle. 
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Lessening the proportion of CeOa beyond a certain point results in 
insufficient radiating surface. Increasing the Ce02 beyond a certain 
amount results m lowered temperature, because of the large radiating ' 
power of Ce 02 . 

A body serving the purpose of Th02 is termed a base ”, and Ce02 is 
designated a '' colorant 

Mantle weight per unit of surface has such an important bearmg on 
luminosity as to merit consideration. 

Structure. — It would be desirable from the structural point of view 
if mantles could be made much heavier, but if this were done, there 
would be a marked falling off in candlepower. Heavier strands m the 
finished mantle may be made by giving heavier saturation to webbing. 
These strands mU not only be heavier, but of larger diameter and surface 
according to saturation, and mil thus have larger capacity for receiving 
and radiatmg energy in the form of hght and heat As the amount of 
energy m a given flame is fixed, it is evident that larger radiation would 
result in lower flame temperature and consequently in a marked loss 
of luminous efficiency. If, on the other hand, saturation were made 
lighter, smaller fiber surface and consequent l i mi ted radiating area 
would result in loss of lummous and heat radiation even though the 
luminous efficiency might be high. Furthermore, such a mantle would 
be structurally weak. 

Accordmgly, there is a mantle of critical efficiency m respect to weight 
of mantle material per square unit of surface, as well as a mantle of 
cntical composition with 1 part Ce02 to 99 parts Th02. 

The significance of flame temperature in relation to the output of 
light from mantles may be shown by a single illustration CH 4 and 
CO give flame temperatures that bear the relation of 1 to 1.14, while 
the B.t.u. values of these gases vary as 919 to 330. If a mantle could 
be supplied with an equal number of B.t.u. by use of these gases, the 
efficiency of the light output from CH4 and CO would be related as 1 ^^ 
to 1 14^^ or as 1 to 4 2; that is, somewhat less than three times the con- 
sumption of CO compared with that of CH4 would give more than four 
times as much light. 

Making a Mantle Suitable for Use in the Bunsen Flame. — First, an 
appropriate thread is loutted into contmuous lengths of tubular web- 
bmg. The thread commonly used is of a high-grade long-fiber cotton, 
or ramie, or of a manufactured pure cellulose thread, formerly termed, 
from its appearance, artificial silk, but now called glos. The first two 
fibers are vegetable cells and consequently tubular. Ramie fiber is 
obtained from China grass. 

Glos thread is made of strands of very fine cellulose of indefinite 
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length, each strand being essentially a rod in contrast to the tubular 
structure of the first two named. The treatment of these various 
webbmgs differs in certain particulars, because of the nature of the 
materials. 

The followmg description will apply particularly to cotton webbmg. 
It IS of the utmost importance in mantle manufacturmg that all the 
material and processes give a final structure of pure CeO^ and Th 02 

The various treatments of webbing are carried on m a manner to 
remove every trace of oil and of mmeral matter from the webbing in 
order to insure purity to the ash remaining after the cotton fiber is 
burned off A fimshed mantle is seriously deficient in structural and 
hght-giving quahties if it carries impurities such as sihca or lime. 

Impurities in mantle materials lead to the following results 

1. Loss in luminous efficiency, due to the mtroduction of unfavorable 
radiants, 

2 Loss in candlepower, due to shrinkage which results in decreased 
radiatmg surface, 

3. Loss m physical strength (mantles containing impurities become 
brittle); 

4. Loss in continuity of surface. (Si02, CaO, etc., cause the mantle 
ash to fuse, leaving holes.) 

Resiilts obtained in purifjdng webbmg show approximately 0 01 per 
cent impunty ; absorbent cotton has four times this amount of impurity. 

DistiUed water is used in all washing and rinamg processes, and pure 
chemical reagents must be employed Even the air entering rooms 
where some of the processes are carried on is forced mto the room 
through a copious spray of water, to remove dust 

The various treatments of webbing in preparation for saturating 
with rare-earth salts have for their object the removal of oils and the 
various mineral ingredients contained m all orgamc fibers. 

Alkaline and acid treatments at once occur to chemists as a natural 
method of procedure. It is also readily appreciated that all reagents 
must be eliminated after each treatment by copious rinsings with dis- 
tilled water, and whizzmg. The final whizzing operation is followed by 
steam drying, performed in such a way that the webbing is kept well 
ironed out. 

After saturatmg in properly proportioned solutions of Ce and Th 
mtrates, webbmg is cut into convenient lengths for drying. This 
drying process is conducted with great care to insure a final even dis- 
tribution of salts. Finally, webbmg is cut into short lengths appro- 
priate for specific mantles. Various operations are involved m pre- 
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paring mantles for shaping processes and for final use on burners. 
Cords of asbestos are used for moimtmg on rings and for shirring upright 
mantles. 

Forming of mantles in the blast flame is earned on by operators who 
have acquired great skill in this particular art. Gas and air supplied 
to blast flames are filtered to be free from dust. Formed and hardened 
mantles are dipped into a solution of collodion to protect them from 
harm in packmg and shippiug Finally, mantles are trimmed to length, 
mounted, inspected and packed in individual boxes for shipment. A 
finished mantle is a rephea of the original fabric reduced in size and 
evened up in shape. 

Every fiber and even the very cellular structure is repeated in the 
distribution of the rare-earth oxides When cotton and ramie fibers 
are used, the forms are cellular; when glos is used, the ultimate forms 
are tiny rods. 

Burners. — While the original Bunsen burner was in general labora- 
tory use when Dr. Auer made his famous discovery, significant improve- 
ments in the device have been accomplished in the past few years 

The original form is familiar to all; a base with hose attachment and 
passage leading to an upward-directed orifice; a cylindrical tube 
mounted on the base in the axial line of the gas jet, this tube having 
openings or air ports on the two opposite sides and a covering collar 
perforated to register with air-port openmgs and by rotation to control 
the admission of air The original laboratory burner was long and 
clumsy and so were the earlier forms of burners for lighting A first 
marked improvement was a base with a senes of mmute perforations 
covered by a similarly perforated disk actuated by a diaphragm, the 
rotation causing varymg degrees of closure of the orifices and thus 
effecting a regulation of the flow of gas. This modified burner was 
much shorter than the earlier burner and permitted shaping to a comely 
device 

All the earlier lighting burners directed the gas stream upward while 
many recent forms direct the stream downward The former have come 
to be Icnown as up^'ight burners, and the latter as inverted burners. 
Mantles as originally used were simply suspended over the flame by an 
appropnate support. 

It IS evident that a mantle suspended in a flame cannot possibly be 
hotter than the flame, and the upper limit of temperature for the mantle 
would naturally be the temperature of the flame. A mantle cannot 
possibly attain the temperature of the flame because of its tendency to 
radiate. A body, to reach the temperature of the flame, must have 
zero emissivity. However, in the selection of material for a base/^ 
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small emissivity is desirable to enable the “ colorant ” to be brought 
as nearly as possible to the temperature of the flame. It is evident that 
improvements m the incandescent burner must be directed toward a 
better selection of materials for mantles or better transmission of heat. 
The latter object has been attamed through improvements m burner 
design, directed pnmarily toward larger entrainment of primary air. 
It is evident that a mantle in a flame having an admixture of air ap- 
proachmg the amount required for complete combustion behaves 
precisely as though it had a higher temperature That is, the lumines- 
cence goes up rapidly with increased air entrainment Large air en- 
trainment insures a final combustion within the meshes of a mantle. 

Best results in mcandescence of a mantle are secured by such an 
adjustment of gas and air flow as to bring the outer border of the flame 
just to the mantle surface, that is, to fit the flame volume to the mantle. 
Adjustment is a matter of experience and is readily acquired Regula- 
tion of ga^s fliow and air flow is provided for m some way in most burners, 
although a burner very recently designed has remarkable performance 
through a wide range of pressures and quahty of gas without any pro- 
vision for regulation other than that offered by the friction of flow of 
gas through an orifice. 

In this latter burner, the flame fits the mantle by reason of provi- 
sion of openings in the mantle itself for an overflow of hot products 
of combustion. 

If a burner is under-adjusted (Fig. 14), the hot outer zone of combus- 
tion does not reach the mantle surface and the luminosity is very low. 
If over-adjusted, a mantle has duU incandescence because a portion of 
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Fig 14 Adjustment of Flame to Mantle 


the heat is dehvered wholly outside and away from the mantle surface 
A maximum result in temperature is secured when hot, unburned gases 
are consumed within the meshes of the mantle 

It would be highly desirable from the standpoint of luminous efficiency 
if a higher air percentage could be effected through a larger entrainment 
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of primary air. This is physically possible through modifications of 
burner structure. A Bunsen burner gives a flame consisting of an 
inner and an outer cone. The inner cone marks the border of the region 
of unburned gas. The outer cone marks the border surface at which 
the gas is totally consumed. 

If gas were supphed with air in the quantity required for complete 
combustion, these separate zones would disappear and burning of a 
vivid character would occur at the very point of exit if the latter were 
very small, or flameless combustion would take place. What, then, in 
ordinary practice determines the boundaries of the inner and the outer 
cone? The translational velocity of the mixed gases at the zone border 
is exactly equaled by the rate at which the combimng of molecules of 
gas and air travels back toward the burner. This rate of travel of the 
combining process is called the explosion rate. A flame is a form 
resulting from a balance of these velocities. 

If more air is forced mto the air port of a Bunsen burner, both inner 
and outer cones shorten, because the larger proportion of air to gas 
increases the explosion rate If still more air is forced m, a point will be 
reached at which the explosion rate will exceed the translational velocity 
and then the burner will flash back.” This phenomenon is very 
familiar to the users of Bunsen burners. Flashing back may be caused 
variously by. 

1 Increase of pressure. 

2 Reduction of gas supply, resulting in excessive heating of pro- 
tecting gauzes. 

3. Introduction of a gas requirmg less air for combustion. 

4. Forcing of air into the mixture at the air ports. 

5. Lessened specific gravity of a gas. 

Increase of pressure causes increased entrainment because of the high 
velocity of the issuing gas, entrammg power being defimtely related 
to velocity. Less gas results in relatively shorter cones. A gas requir- 
ing less air for combustion mixed with a given amount of air will make 
a mixture that approaches an explosive mixture By increasing air 
flow into the air ports, an explosive mixture must finally result. A gas 
of low specific gravity flows from an orifice with higher velocity and 
thus will entrain a larger portion of air. 

In all these cases, mixtures are approaching explosive proportions, 
and thus, without some provision for preventmg back-finng, the burner 
would not be a practical device It may be said at this point that 
gases m general use vary considerably in composition, pressure and 
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specific gravity, and thus a device must be provided that has consider- 
able adaptation to changing conditions. 

A device in almost universal use consists of at least one wire-gauze 
diaphragm mounted m the burner outlet. By coohng the mixture 
below the ignition temperature, the gauze prevents the explosion wave 
from progressing beyond the burner head into the tube. The gauze 
serves a further purpose in producing an even distribution and pressure 
of the air-gas mixture, a condition insunng noiseless burning. 

During the period that burners were operated m a manner to direct 
the gas-air streams upward, httle difficulty was experienced in the 
matter of back-firmg while these were in use on commercial gases. 
Such burners were not very efficient entrainers and so the mixtures had 
a rather low explosion rate. By the use of a chimney, however, a 
somewhat better entrainment was effected, but the most important 
result was due to a swift secondary current of air which coursed up 
through perforations in the gallery supporting the chimney and ruslied 
swiftly past the mantle surface, insunng the burning of gases of low 
aeration nght at the mantle surface. In this way, high incandescence 
was secured by the use of upright burners. 

From many considerations, it seemed desirable to distribute gas 
downward mto a sacque mantle, mounted on a clay ring The ring 
carried lugs adapted to support the mantle in the path of the gas-air 
stream Counter buoyancy of the hot mixture now made the problem 
of the efficiency of the entrainer a vital one In some measure this 
entraining efficiency was attamed by substituting for the original rather 
large cylindrical Bunsen tube a relatively short length of cylindrical 
tubing of smaller diameter. Such a structure, known as a ^‘raceway,” 
remained in general use for many years without substantial change. 
Earher forms of burners of the inverted type entrained about 1/22 
volume of air to one of gas. Almost all earlier forms of inverted burners 
required for efficient operation a cyhnder of glass with opemngs at the 
bottom for admission of secondary air, which, as in the case of the 
upright lamp, enabled the mantle to gain high incandescence. A low 
order of entrainment always makes some draft-inducer necessary for 
satisfactory results. If primary air is not present in a certain propor- 
tion, a secondary current of air must be supplied. Incidentally a 
cylinder below the mantle serves the purpose of protection from fire 
danger by fractured rings or burner tips. 

Burner outlet tubes or nozzles are made of clay and threaded appro- 
priately for attachment to the metal portion of the Bunsen mixing tube. 
All mantles used on upright and inverted lamps at commercial gas 
pressures, until very recently, had an outlet other than that afforded by 
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the meshes of the mantle itself for escaping gaseous products. For 
upright mantles, an opemng is provided at the top of the mantle by 
limiting the completion of the closure by the shirring cord at the top. 
Inverted mantles are tied on a clay ring whose inner circumference 
considerably exceeds that of the outer circumference of the burner tip 
or nozzle. The outlet of the burner nozzle is always made to extend 
down some distance into the mantle 

Means for preventmg back-firing are far more necessary for the 
inverted lamp than for the upright lamp, because of the necessarily 
high temperature of the mixture. This is accomplished by a burner tip 
considerably widened at the top and provided with a gauze. The 
latter offers less resistance to the flow of gas and is quite effective in 
preventing back-fire. 

In improving burners attention has been directed to the following 
features. 

(a) A smooth and straight orifice with centralized needle for even 
distribution and regulation of flow. 

(b) Properly proportioned air ports. 

(c) Taper tube approach to the constriction in the Bunsen burner. 

(d) Diameter and length of the constncted portion of the tube and 
the distance between the orifice and the beginning of the constriction. 

(e) Continuation of the tube beyond the constricted portion in the 
form of a gradually widening tube whose object is to eliminate eddy 
currents and thus resistance to flow. 

(f) Distributing passages beyond the Bunsen tube proper to insure 
even distribution of pressure. 

The constricted throat of the Bunsen tube should have a cross- 
sectional area equal to 43 per cent of the outlet port or ports. Beyond 
the constricted throat the tube should taper outward at an angle of 
approximately 4 per cent. 

A burner of recent design in respect to its Bimsen tube is an upright 
burner with a distributing head that directs the gas-air streams down- 
ward to attached small mantles in the rag form (Fig 15). This is a 
small compact burner of high efficiency which may be included within 
the limits of artistic glassware. It possesses the advantages of upright 
burner performance while its compactness suits it to artistic treatment 
in lighting fixtures The mantles used are of the inverted form and 
give a favorable distribution of hght in a semi-mdirect manner. This 
burner, being an efficient entrainer, obviates the necessity of usmg 
draft-inducmg chimneys or cylinders. 

Mantles operated in an inverted position possess marked advantages 
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over those whose position is upright In the case of the latter, there is 
expansion and contraction due to heating and cooling, which tends to 
fracture the mantle by reason of the attachment to a fixed support 
above and shding resistance on the burner cap below 



Fig 16 Diagrammatic Sketch of an Improved Biimer 


Another recently designed upright burner, constructed in accordance 
with the principles outlined, has a rather remarkable performance. A 
single upnght mantle, mounted on a cap furnished with a gauze, is 
placed m position by slipping the gauze cap over the burner head 
A mantle in the rag form is folded in a pecuhar way so that when the 
fabric IS burned out there is sufficient rigidity in the ash concentration 
to hold the structure in position until gas is turned on. A mild explo- 
sion shapes it into a beehive form and hardens it in situ Clippings of 


BURNERS 


65 


the web at four comers of the foldings give to the shaped mantles venti- 
latmg outlets near the top. These outlets reduce the pressure of the 
mixed gases and thus lessen the resistance offered to entrainment, with 
the result that this burner supplies to the mixture a larger proportion 
of air than any other form of burner m use A very high oxygen content 
results in an extraordmary brilliancy of mcandescence. 

The specific brilliancy per unit of surface exceeds that of any other 
burner known, with the exception of burners that are designed to oper- 
ate with high-pressure gas or air. The striking feature of this device, 
however, is its automatic adaptation to changes in gas pressure, due to 
the provision of overflow outlets at the top of the mantle. This obvi- 
ates any necessity for needle control at the orifice or air-shutter adjust- 
ment. The parts of this burner are merely a Bunsen base, a properly 
designed Bunsen tube, and a gauze cap bearing a mantle. The whole 
structure is only about 3 inches long. The two lamps just described 
have a hght output of 
150 to 225 lumens per 


cubic foot of gas of 550 
B.t u value dehvered 
at a pressure of 3 mches 
(water column). In- 
crease of pressureresults 
in a marked gam of 
lumen output. 

Such results are the 
best that can be pro- 
duced on low-pressure 
burners, while those of 
inferior construction, 
popularly designated as 
“ cheap,” have hardly 
half this lumen output 



Fig 16 Diagrammatic Sketch of Burner with 
Horizontal Bunsen Tube 


Higher gas pressures, 

say 2 pounds per square mch, give an efficiency about twice those 
of low-pressure burners, but this efficiency is given at the expense of 
complicated pressure appliances and short life of the mantle CeOa 
volatihzes at high temperature, and a mantle consequently loses m 
efficiency However, high-pressure lamps are used extensively a broad 


for street hghting, with remarkably pleasing effect 

One of the most valuable contributions to the gas-lighting art dunng 


the last few years has been due to the development of a burner whose 
Bunsen tube hes in a horizontal position (Fig. 16) and thus is adapted 
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to operation in a suspended bowl. One of the hollow suspension arms 
serves as a gas distributor from the outlet on which the structure is 
suspended. 

The manifold has multiple outlets for mounting a group of burner 
tips and mantles and all are supphed with the mixture from a common 
Bunsen tube. The horizontal position of the burner structure pennits 
it to be wholly concealed within the bowl. The hght given out in this 
[orm of lightmg device is distributed in a most pleasing semi-indirect 
’ashion, part being distnbuted through the translucent bowl and 
mother part by reflection from the bowl to the ceiling and thence by 
iiffusion to parts of the room 

Atmospheric Vitiation. — When used in a home for which ventilation 
las not been carefully provided, gas flames may become a menace by 
emoving the oxygen of the air. Column II, Table VII, contaimng 
Uuminating values per hter of end products for various fuels, is of 
nterest here. Assuming the practical eqmvalence of sperm and 
)araflan candles, it shows that each standard paraffin candle, for each 

lout of burning in a room, effectively removes the oxygen from tttt? 

.0115 

r 90 liters (roughly 3.2 cu. ft ) of atmosphere Certain experiments 
ave shown that an active adult man consumes oxygen through respira- 
Lon at the rate of 1100 hters per day, an average vitiation of atmosphere 
20.90 per cent) of about 220 hters per hour, about 2 | times that of a 
andle. 

The data of Table VIII were obtained by comparing, from this view- 
oint, various gas-flame sources. 

TABLE VIII 

Atmospheric Vitiation Dub to Certain Light Sourcbb 

SouroeB 

mdles 

Drosene lamp 
)al gas 
)al gas 

(Mantle burner) 

Arc Lamps 
[W R Mott] 

Table IX gives a few of the important facts m the history of lighting 
means of arcs. 


Candle- 

power 

Vitiation Hate 

Vitiation duo to light source 
Vitiation due to active adult 

16 

1140 liters per hr 

6 5 

16 

550 “ “ “ 

2 6 

16 

920 “ “ “ 

4 2 

16 

155 “ “ “ 

0 7 
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TABLE IX 

Impobtant Facts in the Histoby of Arc Lighting 


Discovery or Invention 


Carbon arc discovered . ^ . 

The name “Arc*' first applied 
Open carbon-arc lamp 
Enclosed carbon-arc lamp 
Yellow-flame carbon-arc lamp 
Mercury-vapor arc lamp 
Vertical-flame arc lamp 
Magnetite (oxide) arc lamp 
Enclosed-flame arc lamp 
White-flame photographic arc lamp 
High-mtenaity searchlight lamp 


Discoverer or Inventor 

Date 

Place 

Sir Humphry Davy 

1801 

England 

Sir Humphry Davy 

1821 

England 

Brush 

1876 

USA 

Marks 

1893 

U. S A 

Bremer 

1899 

Germany 

Cooper and Hewitt 

1901 

USA 

Blondel 

1902 

France 

C P Steimnetz 

1900 

USA 

A D Jones 

1908 

England 

Norman Macbeth 

1910 

U S. A 

Beck and Sperry 

1914 

Germany 


USA 


It is interesting to note that about half of the important inventions 
in arc lighting were made in the Umted States. 

Open Carbon Arc. — The discovery of the arc was made by Sir 
Humphry Davy over a century ago with the powerful electrical batteries 
newly installed at the Royal Institution. When two charcoal elec- 
trodes were placed together and then drawn apart, these batteries 
forced a heavy current through the gas separatmg the two electrodes. 
This hot, bnght discharge took a bow-shape with horizontal electrodes 
and hence Davy called the phenomenon an “ arc.” 

The practical development of the open carbon arc for street hghting 
was first earned out by Charles F. Brush. Considerable effort was 
made to increase the life of the carbons by coating them with metal, by 
using larger and longer carbons, by using magazme arc lamps holding 
two or more pairs of carbons, and by enclosmg the arc to prevent the 
rapid oxidation of the electrodes. 

Enclosed Carbon Arc. — The enclosed arc lamp decreased the rate 
of consumption of the carbons to about one-tenth that of the open 
carbon-arc lamp. A complete enclosure is impractical, because the 
carbon vapors must be burned at least to the carbon monoxide stage 
at the edges of the arc; otherwise, the carbon dust will blacken the 
glass globe With the first enclosed arc lamps made by Marks, there 
was a valve to regulate the small amount of air entermg the arc globe. 
However, modern carbons are so exact in size that suflBcient air enters 
the globe between the upper carbon and the sleeve. It is important to 
note that the enclosed arc lamp was not used abroad for street lightmg, 
because of its very poor efliciency compared with the open carbon arc. 
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However, the enclosure of the arc increased the proportion of ultra- 
violet radiation and so greatly enhanced its value for photochemical 
uses. 

Flame Carbon Arc. — The investigation of the flame arc by incor- 
poration of special chemicals in the electrodes was first made by Weston. 
The development of this idea was much more rapid in Europe than m 
the Umted States, because of the greater demand abroad for high 
eflflciency in light production. 

Many experiments with aU kinds of materials and arrangements of 
electrodes, which led to the revolutionary fiame-arc lamp, were made 
by Hugo Bremer. The two principal factors that made Bremer^s lamp 
successful were (1) the mclmed-trun or V-arrangement of the carbons, 
allowing the insulating slag buttons to drop off without mterfenng with 
arc operations, and (2) the discovery of mixtures of alkah sihcates, 
borates and calcium fluoride that " wet ” carbon. The use of these 
mixtures allows the molten flame material to be fed to the arc in an even 
way, similar to the action of a wick. The discovery of the value of 
calcium fluoride was very fortunate, as it has an mtensely bright spec- 
trum peculiar to itself. At first Bremer used solid impregnated flame 
carbons but this was soon given up for very small, long, cored carbons. 
The cored carbons allowed the chemicals to be vaporized directly into 
the center of the arc, and this materially mcreased the efiSciency. The 
efficiency of these yellow-flame lamps per arc watt was about three times 
as great as that of the direct-current open carbon arc, and about ten 
times as great as the enclosed carbon arc on altematmg current Scores 
of different types of flame lamps were developed after Bremer^s work. 
They found an extensive use for advertising and for the illumination 
of large spaces. 

The next step in the evolution of the open carbon flame-arc lamp 
was the change from the inclmed trim or V-shaped position of the 
carbons to a vertical alignment of the carbons which gave a light dis- 
tribution ideal for street lighting. 

The enclosure of the flame arc was made by A D Jones, who em- 
ployed cored flame carbons. This was followed by the development of 
sohd flame carbons which were employed m enclosed flame-arc lamps 
for street and factory lightmg 

Magnetite Arc. — The magnetite arc represents the utilization of 
p oiddes for an electrode, which allows a long life under open-arc conditions. 

General Applications. — The usual characteristics of arcs that are of 
special value for illumination are efficiency, ruggedness, adjustabihty, 
concentration of light source, and the control of the color of light. 
The necessity of trimming and the presence of undesirable products of 
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combustion are two objections to them. The compKcated mechanism 
is also a handicap in companson with simple convement units such as 
incandescent lamps. The result has been that the arc is largely con- 
fined to large- wattage units for outdoor illumination, to projection uses 
(because of its superlative crater brightness), and to photochemical 
■uses where high efficiency in producing blue and violet light is necessary. 

The Arc Defined. — The exact definition of an arc has been the source 
of some confusion because of the many kinds of arcs and their similarity 
to other forms of electrical discharge, such as the electric spark and the 
brush discharge. After careful consideration of the many aspects of 
the arc, the following definition is proposed An arc is a column of very 
hot and highly conducting vapors carrying a current susteJmng this 
condition. 

The vapors may be furnished by either electrode or by the atmosphere. 
Solid conductors, liquid electrolytes, and hot conducting oxides have 
been used as electrodes. In regard to current values, arcs range from 
a fraction of an ampere to many thousand amperes. The arc voltage 
is much lower than that of sparks and of most of the vacuum cathode 
discharges. In distinction from the spark, the arc has sufficient energy 
to sustam the conductmg state. The columnar shape of the arc is a 
result of its mdivisibihty. This is a distmction from the brush discharge. 

An arc has its conductivity mcreased by increased current The 
heat produced by the mcreased dissipation of energy in the arc with 
increased current causes the conductivity of the gases between the 
electrodes to become greater and decreases the voltage drop between the 
electrodes Hence, it must have an external resistance (or other 
apparatus such as a limiting reactance on alternating current circuits) 
in series with it m order to prevent its indefimte expansion to what is 
called a short-circuit arc. 

The electncal conductivity of hot gases increases very rapidly with 
temperature This not only causes an arc to hold together in one 
column but also explams other peculiarities, such as its volt-ampere 
curve Sohd electrolytes on heatmg show similar effects, as is illus- 
trated by the Nemst lamp. 

Appearance of Arcs. — The direct-current arc has been described 
as consistmg of a very large, hollow, positive crater and a much smaller 
negative crater. The arc itself has a violet core and a green or greenish- 
yellow shell. This arc shell is due to impurities consisting of alumina, 
iron and boric oxide in the coke of which the carbons were made. By 
the use of much purer carbons and higher currents, the shell becomes 
very dim Fig 17 is a photograph of a flame arc in black and white. 

On the other hand, the addition of chemicals to the carbon chafes 

4 - 
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the color and brightness of both the core and the shell of the arc. The 
yellow-flame arCj made with calcium fluoride, gives a violet core and a 
veiy bright yellow shell. The red-flame arc, made with strontium 
fluoride, has a blue core and a red shell. The white-flame arc, made 

with a rare-earth fluoride, has an 
intensely blue core and a less well- 
defined shell, with the inner part 
somewhat green and the outer part 
somewhat red. 

Smce almost any material which 
is introduced into the arc causes 
some unique behavior, it has been 
proposed to use the arc for chemical 
analysis. 

Classes of Arcs. — Arcs may be 
divided iuto two major classes: (a) 
crater arcs, and (6) luminescent 
arcs. 

The crater of a crater-arc is the 
hot surface at the electrode tip 
from which the arc stream origin- 
ates. Most of the hght of a crater 
or neutral arc is emitted from its 
craters. The positive crater of 
a direct-current carbon arc gives 
about 90 per cent of the light, the 
negative crater and the arc stream 
the balance. The reason that the 
positive crater gives the most light is that here the most energy is 
liberated. The anode drop is large, usually about 40 volts; the cathode 
drop is less than 10 volts, and the balance is in the arc stream As 
the power of carbon vapors to give visible light is very small, the 
energy expended in the arc stream is largely wasted. The reverse is 
the case with the luminescent arcs, including the flame-arcs. 

^ L umin escent arcs may be defined as those which give considerable 
light from the arc stream in addition to that from the craters. 

To the crater arcs belong the open carbon arc, the enclosed carbon 
arc and oxide arcs. To the luminescent arcs belong the flame carbon 
arcs, the magnetite arcs, the mercury-vapor arcs and the tungsten arc 
in vapors of titanium chloride at reduced pressures 
Principal Factors Governing Arc Output and Operations. — The 
^amount and quahty of hght from an arc wiU depend upon a great variety 



Fig 17 Photograph m Black and 
White of a Flame Arc. 
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of conditions, such as (1) the chemical composition of the electrodes; 
(2) the chemical composition, motion and pressure of the atmosphere 
around the arc; (3) the kind and amount of current and the voltage 
across the arc; (4) the magnetic field in and aroimd the arc; (5) the 
nature of the ballast m series with the arc. 

Chemical Composition of the Electrodes. — The chemical composi- 
tion of the electrode determines the brightness of the anode crater and 
the spectrum nature of the light of the arc stream. Only materials 
having the highest boihng pomts, such as carbon, zirconium oxide, 
tantalum and tungsten, are suitable when the light is to be produced 
by the brightness of the craters on the electrodes. 

With flaming arcs, the flame materials are carried from the anode 
to the cathode when a current of less than 60 amperes is employed. 
The inclined-trim carbons are usually made with flame material in the 
positive electrode only, because its high heat is suflScient to fill the arc 
with the light-givmg vapors. Putting the flame material in the nega- 
tive electrode in this case may add only 10 per cent to the light. 

The magnetite arc is especially distinguished from the plain carbon 
arc and the flame arc in that its anode is comparatively cold, being 
made of massive copper. The cathode is composed of magnetite 
(electrically* conducting oxide of iron), titanium oxide which is the best 
light giver in these arcs, chromium oxide which decreases and regulates 
vaporization, and alkali salts for improving the arc conductivity. All 
these materials are compressed in a thin-waUed iron tube. While in the 
case of the flame arc, the salts are carried into the arc by vaporization 
from the anode, in the magnetite arc the materials are carried into the 
arc by vaponzation from the cathode. 

With regard to the amount of light-giving material that can be used 
in an arc, doubhng the amount of material does not necessarily double 
the hght, but the increase is more apt to be about 25 to 50 per 
cent 

An upper limit is reached in the use of large amounts of flame material, 
because of (1) the increased energy required to boil the greater amount 
of matenal; (2) increased cooling effect on the arc stream; and (3) 
the increased obstruction of hght by the condensation of the flame 
vapors as a dust around the arc. In general, the enclosed flame arc 
(employing large, solid, impregnated carbons) uses twice as much flame 
material per ampere-hour as the open flame arc employing small, cored 
carbons. In spite of the smaller amount of flame material, the candle- 
power of the cored carbons is generally better than that of the solid 
flame carbons, because of the adverse effect of enclosing the arc and the 
greater heat losses by conduction with the large, solid flame carbon. 
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Data obtained with calcium fluonde in cored carbons have been 
reduced to the following equation: 

^ = 2.18 + 6.8 log I 

where E is the mean lower hemispherical candlepower per arc watt and 
c IS the per cent of calcium fluoride m the core of the positive carbon 
(8 mm. diameter) Table X shows that the observed and calculated 
efficiencies of light production check closely. 

TABLE X 

Effictebnct in Relation to Amotjot of Flame Material 


Cent of Calomm 

Mean Lower Hemisphen- 

Calculated U 

Observed E 

Fluoride 

col Candlepower 



0 

1173 



8 

1728 

4 22 

4 32 

16 

2606 

6 20 

6 17 

20 

2808 

6 94 

6 95 

25 

3268 



30 

3321 

8 10 

8 20 

• 36 

3385 



40 

3574 

8 98 

8 85 


A similar type of equation appears to apply broadly up to the limit at 
which the energy required for the evaporation of the flame materials 
becomes excessive The electncal conductivity of the materials in the 
region near the crater also becomes important m limiting the amount 
that can be used. Aside from these limitations, the general form of the 
equation of the efficiency, E, of the production of hght to the amount 
of concentration, c, of the flame material is as follows. 

B = Xi + X 2 -og • 

With each material, experiments are necessary to determine the proper 
values of the constants, Xi, and Xs. A study of the nature of these 
equations shows that mixtures of several matenals might mcrease the 
efficiency and this is substantiated by experiment The above results 
check so well as to suggest that the form of the equation has more than 
an empirical meaning Since absorption of light can be expressed as a 
logarithmic function of the amount of the material, it is to be expected 
ihat the emission of light would also be a logarithmic function of the 
imount of the material. 
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Effect of Surrounding Atmosphere. — Air currents decrease the arc 
steadiness and cause more voltage to be required in the arc ballast. A 
strong air current will blow out the arc. The vapors of the arc itseK 
have a number of motions (1) the general movement from anode to 
cathode of the carbon arc; (2) a rapid circulatory motion; (3) a rapid 
expansion and contraction in the case of the hissing or talking arc. In 
the case of a flame arc, the upward rush of hot air about doubles the 
efficiency for producmg light when the flame material is fed only from 
a lower positive flame carbon as compared with an upper positive flame 
carbon If both carbons are of flame composition, then the positive 
upper may give as much light or even more than the positive lower 
The chemical composition of the atmosphere around the arc affects 
its hght materially. An extreme case is found in the arc consisting of 
tungsten operatmg in low-pressure vapors such as titanium chloride. 
Here the tungsten electrodes contribute no material hght-giving vapors, 
but the atmosphere feeds the arc with light-givmg chemicals. With 
the carbon arc, enclosure increases the photographic light many times 
because the cyanogen of the arc is less qmckly burned m the presence 
of an atmosphere nch in carbon monoxide. With the flame arcs, 
especially those givmg hght by chemical reaction in the arc shell, an 
enclosure causes a considerable decrease in the amount of light. When 
calcium fluoride is used in the open flame arc, considerable hght comes 
from the spectrum of the calcium oxide formed, which is materially 
decreased by enclosing the arc It is, therefore, necessary for the 
production of high intensity of hght with this material, under enclosed 
arc conditions, to add materials contaimng oxygen, such as alkali 
carbonates, borates and tungstates. 

As the arc is composed of hot vapors, it is considerably affected by 
the mechamcal pressure of the surrounding gases A decrease m the 
pressure causes the arc to expand and become less bright m temperature. 
It IS obvious that if the anode material is held at its boihng pomt, an 
increase m the pressure should (1) increase the amount of energy neces- 
sary at the crater surface m order to reach the higher boihng pomt and 
(2) therefore, increase the crater brightness 
The Effect of a Magnetic Field. — The arc is deflected by a magnetic 
field m the direction m which a flexible conductor would be deflected 
if it carried a current flowing in the same direction as that through the 
arc With two parallel conductors, the magnetic action of the arc 
current drives the arc to the ends of the electrodes This magnetic 
force is so great that the arc can be operated at the lower end of a V-trim 
of carbons m spite of the upward push of the hot-air currents around 
it A magnetic field formed by electromagnets operated by the current 
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in series with the bxg is used in inclined-tnm lamps in order to flatten 
the volt-ampere curve and thus to decrease the ballast that is necessary 
and hence to mcrease the overall efficiency for producing hght. On the 
other hand, m lamps with a vertical trim, a special effort is made to 
avoid the magnetic effect of the current going to the lower carbon, by 
exactly dividing the current between the two oppositely placed con- 
ductors. The shape of the lower holder has a considerable effect on the 
magnetic field surrounding the arc. It can be truly said that the success 
or failure of many arc lamps has rested on the care taken to eliminate 
or regulate the magnetic effects. 

Consumption of the Electrodes. — The consumption of the electrodes 
m an arc lamp depends on oxidation and volatihzation With the carbon 
electrodes, oxidation is the chief factor, as contrasted with the volatiliza- 
tion of magnetite electrodes. Table XI will give a general idea of 
the rate of consumption per hour of the two electrodes that together 
constitute a tnm. 


TABLE XI 

Rate of Consumption of Electrodes per Hour 


Curreat Type of Aro 

Electrode 

Diameter 

Arc 

Current 

Are 

Voltage 

MM per Hour 

D. C Open Carbon Arc 

f" 

9 

40 

16 mm 

D. C. Open Marne Carbon Arc 

5 // 

10 

45 

30 “ 

A C Enclosed Arc 

1// 

6 6 

70 

1 to 2 “ 

D C Magnetite Arc 

A C, Enclosed Flame Arc 

f" 

3 6 

91 

1 to 2 « 

i" 

10 

45 

2 to 3 « 


In general, the consumption of the positive carbon is about twice that 
of the negative, because of the greater heatmg effect of the large positive 
crater. The consumption of both carbons mcreases with the current. 
While the lower carbon is not particularly affected, the upper carbon 
bums more rapidly with increasmg arc voltage An enclosure reduces 
the rate of consumption of the carbons, so that the life is mcreased five 
to twenty-fold under like conditions. 

With short, protected carbon arcs, the anode crater loses caibon and 
the cathode crater takes up a mushroom deposit of carbon Arcs so 
short as to give mushroom deposits are unsuitable for hghtmg 
Color Resomces of the Arc. — As the sun gives a color temperature 
of about 6500^ K., and the positive-carbon arc a color temperature of 
about 3700° K., it can readily be seen why the light of the arc is more 
yellow in color. The altematmg-current carbon arc is more yeUow than 
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the direct-current arc because of the lower average temperature of the 
craters, as each crater is a positive only half of the time. 

The addition of chemicals to the arc greatly extends the range of 
colors obtainable. By means of mixtures, many gradations of colors 
can be obtained. In Table XII, the best materials for producing 
various colors are given. 


TABLE XII 

CoLOB OF Light in Relation to Matbbial in the Abo 


Color of Light 

Red 

Yellow 

Green 

Blue-white 

Ultra-violet 


Material m the Are 
.Strontium, yttrium 
Calcium fluoride 
Erbium, thallium, mercury 
Rare earths, uranium, iron, titanium 
Uranium, iron, mercury 


The yellow-flame arc is about the color of the old incandescent 
carbon-filament lamp. A combination of yellow-flame materials and 
blue-white materials gives a color of light that is used for the illumina- 
tion of streets. For want of a better name, it has been called pearl 
white. For photographic work and the matching of colors, the blue- 
whites are chiefly used. They give a color which is nearly as blue-white 
as northern dayhght. The red-flame carbons are used mainly for 
advertising purposes 

In the matter of ultra-violet for medical purposes, stenhzation, etc., 
the iron arc is quite rich in both the near and extreme ultra-violet. 
The uranium arc is much more powerful than the iron arc. For ultra- 
violet hght of the same type as that in sunhght (0 380^ to O.SOOju), the 
white-flame arc is the best source. 

Temperature, Brightness and Area of Arc Craters. — A method of 
changmg the brightness and temperature of a crater is by changing the 
atmospheric pressure on the arc, which would in turn change the boihng 
point In regard to the carbon arc, brightness and temperature 
measurements with increased and decreased pressure are set forth in 
Table XIII. 


TABLE XIII 

Effect of Reduced Pkebsurbs on Anode Crater 
Brtqhtnebb and Temperature of a Pure Carbon Abo 

Pressure, 

atmospheres 10 09 08 07 06 05 04 0.1 

Relative 

brightness 1 0 0 99 0 97 0 95 0 92 0 88 0 83 0 69 

Absolute 

temperature 4200 4196 4185 4176 4160 4146 4110 3940 
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Effect op Increased Pressures on Anode Crater 
Brightness and Temperature Using a Solid Flame Carbon 
Pressure, atmospheres 1 2 4 8 12 16 22 

Belative brightness 10 25 44 78 110 14 2 18 0 

Absolute temperature 4200 4690 5000 5350 5560 5740 5890 

The above table shows that by increasing the pressure from 1 to 22 
atmospheres, the crater brightness is mcreased eighteen-fold 

The temperature and brightness of either crater has an upper limit 
which is the boihng point of the electrode material. With metal arcs, 
it is possible to have cold anodes, because the arc feeds its conducting 
matenal from the hot negative spot In these metal arcs, the tempera- 
ture of the crater is beheved to reach the boihng point of the negative 
electrode material. However, with very high boilmg-point materials, 
the positive electrode feeds the arc with its vapors and in this case the 
limit of the temperature of the positive crater becomes the boihng pomt 
(or sublimation point) of the anode matenal, and the negative crater 
may be several hundred degrees cooler than the positive crater Arcs 
with very hot positive craters are those of carbon, zirconium oxide and 
tantalum (boilmg point 6500° C ) The crater brightness and boiling- 
point temperature of several materials, such as tantalum, are much 
higher than those of carbon itself. 

Materials havmg boihng points lower than the sublimation tempera- 
ture of carbon reduce the bnghtness and temperature of the positive 
crater, when incorporated in the carbon. Matenals boihng above the 
sublimation temperature of carbon have positive craters that are hotter 
than that of the carbon arc. The crater area is much reduced and the 
energy density may be several times that obtamed with the carbon alone. 
The crater brightness and temperature are especially high with a large 
tantalum bead (1/2 gr ) m a lower positive carbon cup with a direct 
current of 25 amperes Therefore, in addition to increased pressure for 
securing brilliancy and high temperature of craters, a second method 
involves the use of matenals with boiling points higher than the subh- 
mation temperature of carbon. 

A third method of securmg very high temperatures (approximatmg 
that of the sun and much higher than a pure carbon arc) is by means of 
the so-called high-intensity searchhght arc, in which very high current 
density is concentrated upon a small volume of lummescent vapor m a 
small crater cup at the end of the flame positive electrode The bnght- 
ness of this vapor corresponds to 690 candles per sq mm , while the sohd 
carbon gives 172 candles and the neutral cored carbon 130 candles per 
3q. mm. 

The negative crater of the usual carbon arc is about 600° cooler 
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than the positive crater. The temperature and brightness are not 
constant as in the case of the positive crater of a carbon arc. The area 
IS less and the brightness is less; hence the total hght produced from the 
negative crater is very small compared with that from the positive 
crater. 

The chief effect of the negative crater on the carbon arc is to control 
steadiness, and to insure this latter condition the negative crater must 
always be hot enough for abundant electron emission No arc can be 
mamtained where the negative electrode is subjected to violent cooling 
effects, as by rapid motion through the atmosphere. 

Crater Area and Light in Relation to Current. — As the chief light 
source of a pure carbon arc is the positive crater, this crater area is a 
vanable of great importance in illununatmg engmeering. The crater 
area depends on the composition and size of the electrodes, the current, 
the arc length, and the chemicals m the arc. 

It has been shown that with solid carbons the crater area increases 
2 4 times when the current is doubled. This relation holds over a wide 
range of searchlight and motion-picture projectors, employing carbons 
of the proper size for each current However, it would be a gross error 
to say that the hght of carbon arcs is limited to direct proportionality 
with the current used. With flame arcs the light mcreases still faster 
when the current is increased than with the pure carbon arc. 

Spectrum Nature of Arc Light. — All three kinds of spectra — con- 
tmuous, band and hne — are given by a flame carbon arc. The craters 
have the contmuous spectra so characteristic of hot solids. The core 
of the arc gives hne spectra, and the shell of the arc, band spectra. 
The band spectra under a high resolving power are seen to be really 
made up of closely packed lines with regular changes of spacing between 
them. Compounds giving band spectra m the carbon arc are calcium 
fluoride, strontium fluonde, barium fluoride, banum chloride, beryl- 
hum fluoride, and most of the refractory oxides, such as alkaline earths, 
boric oxide, alummum oxide, yttrium oxide, etc Of the carbon com- 
pounds, the most important band spectrum is that due to cyanogen 
(CN)2. 

The shell of the yellow-flame arc contaimng calcium fluonde gives 
intensely bright bands in the red and green portions of the spectrum. 
Calcium oxide gives very intense bands in the red Thus the yellow of 
the yellow-flame arc does not come from the yellow part of the spectrum. 
Strontium fluonde gives mtensely bnght yellow bands and, owmg to the 
presence of oxide formed by decomposition, the red bands are also very 
bnght. 

The white-flame arcs owe most of their light to the thousands of 
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light-giving lines in all parts of their spectra. This is illustrated in 
Fig. 18. 

These line spectra belong to the elements. 

I 

I 

I 

Fig. 18 . Spectra — Outer Two, Snow-white Flame Arc; 

Inner, Pure Carbon Arc 



II 
|i 

III 



Electroluminescence of the Arc Core. — The laws of radiation of hot 
solids apply to the hght from the crater and to the zones of lower tem- 
perature around the crater. Flame materials in the core of an alternat- 
ing-current carbon arc give hght in almost exact ssmchronism with the 
instantaneous cuirent value and may thus be put in the electrolumines- 
cent class. 

In the carbon arc, the poorest emitters of light are the non-metalhc 
elements, such as sulphur. They are also poor arc conductors. Both 
of these effects are explained by the extreme diJficulty of pulhng elec- 
trons from non-metallic atoms. The metals that lose electrons most 
easily are the alkahes. These, m minute amounts and at low tempera- 
tures, as in the Bunsen flame, are wonderful emitters of light, but they 
are very poor at a^c temperatures. Elements of groups having a high 
valence and increasing atomic weight give a maximum of hnes and 
respond most to the current effects m the arc core, resultmg in a high 
efficiency of hght production This is particularly true of titanium, 
vanadium, chromium, iron, rare earths and especially uramum. The 
importance of core light is that it responds to the current density and 
utilizes the electrical energy of the arc stream, which is practically 
wasted in the ordinary pure carbon arc. The production of light by 
materials giving a luminescent core increases about as the square of 
the current. The light of the white-flame arc is derived mostly from 
the core of the arc stream. 

Chemiluminescence of the Arc Shell. — The yellow-flame arc gives 
almost all its hght from the arc shell. Compounds having the greatest 
energy of formation (i.e , highest decomposition voltages) give the 
strongest and brightest arc shells with the smallest amounts of material 
and are most effective in producing arc hght of extraordinary efficiency 
at low wattage. Direct-current arcs employiag but 2 to 4 amperes 
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can be made remarkably efficient by using materials givmg bright 
arc shells. 

It IS mterestmg to note that arc shells in relation to arc cores alwa3^ 
have a dominant color of longer wave-length. With a given compound 
giving an arc core and inner and outer arc shells, the order of color is 
always violet or blue for the core, green for the inner shell, and 
red for the outer. Arcs are not found with a blue shell or with a 
red core. 

Fluorescence. — The maximum of ultra-violet light is produced in 
the core of the arc. Ultra-violet light of extremely short wave-lengths 
probably plays an important part in the production of light through its 
transformation in the outer parts of the arc shell to longer wave-lengths, 
thus producmg light by fluorescence. 

Arc Conductivity — Importance of the Hot Negative Spot — The 
explanation of the phenomena connected with the discharge of elec- 
tncity from incandescent bodies explains very simply the behavior of 
the negative electrode in an arc. With the ordinary carbon arc, the 
cathode spot corresponds to a current density of only about 318 amperes 
per sq. cm., but with the 160 -ampere high-intensity searchlights, the 
current density at the cathode crater is 8000 amperes per sq. cm. The 
difficulty of gettmg a stiU greater current density lies in the specific 
resistance of the electrode material and that of the vapor in front of 
the cathode crater 

For good stabihty of the arc, it is important to conserve the highest 
temperature of the cathode. A sharp-pointed negative gives this 
condition. The carbon arc is the most stable of all arcs that operate 
on alternating current, because of the high temperature of the sublima- 
tion of carbon and the low thermal conductivity, and also because the 
flow of arc vapors, unlike that of the metallic arcs, is from the hotter 
positive crater to the negative crater spot, which is thereby heated. 
The stabihty of the carbon arc is greatly improved by the introduction 
of flame chemicals which reduce wave distortion and improve the power 
factor. The temperature of the negative spot and hence arc stability 
are improved by large current and high frequency. 

Conductivity of Arc Vapors. — The conductivity of arc vapors in- 
creases very rapidly with the temperature. This is one of the factors 
that tend to force the current toward the center of the arc and thereby 
further mcrease its temperature and conductivity. The electrical 
conductivity of elements in the arc depends largely on the ease with 
which they give off electrons. In carbon arcs, it is common to use 
alkah salts, which are called arc supporters, for the sole purpose of 
improving the arc steadiness and the ease of its control. 
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Relation of Arc Voltage to Arc Leng^. — The relation of arc voltage 
to arc length is that of a linear function. Each added unit of arc length 
requires like increase in the arc voltage, provided the initial voltage is 
high enough to start the arc There is a minimum voltage, however, 
below which the arc is moperative, this is called the starting arc 
voltage.’' The starting arc voltage of the carbon arc is about 40 volts, 
while that of the flame arc is half this value. The flame-arc stream of 
the flame arc requires a half to a third as much voltage per unit length 
as that of the pure carbon arc. These facts are shown graphically in 
Fig. 19. The great mcrease m the length of the flame arc over the pure 
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carbon arc makes it less sensitive to mechanical deficiencies in the 
drawmg of the arc. Arc-lamp design and manufacture are made easier. 
This applies to both arc feeding and general operation 
If the current is increased, then the arc voltage for a fixed length 
correspondmgly decreases, as is shown in Fig 20 The energy in the 
arc increases, however, and hence the heating effect increases 
Power-factor. — On altematmg current, the volt-ampere curve 
causes a wave distortion and a decreased power-factor, especially on 
low frequencies The flame carbon arc shows these effects the least 
of any type of arc. Referrmg to the instantaneous-voltage curve, the 
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first condition that appears with the alternating-current arc is that the 
starting arc voltage must be reached before the current will flow. The 
second condition is that at the maximum of current the actual voltage 
of the arc itself is relatively low at the moment of maximum voltage 


90 

80 

70 


80 

20 


\ 


Arc Voltaere m Relation to Arc Gurrei t 
' TeetB on Direct Corrent Arc Lenffth-10 mm 



I Solid Carbons-Hlae at 22 Amp. 

II Flame Carbons-Qalat Arc | 

Arc Voltage Falla Slowly and then 
Rlnea Sllg itly at High Currenti 



10 


0 

0 2 4 6 8 10 12 14 16 18 20 22 24 

Arc Current-Amperes 

Fig 20 Arc Voltage m Relation to Arc Current for a 
Carbon Arc and a Flame Arc 


of the line This makes a complicated wave distortion and so causes 
a lower power-factor Table XIV shows the power-factor of different 
arcs at 60 cycles per second. 


TABLE XIV 

POWEB-FACTTOR OF DIFFERENT AbGS 


Kmd of Arc Power-factor 

Magnetite arc . . 60% 

Enclosed carbon arc 80% 

10-Ampere flame arc 87% 

26-Ampere white-flame arc 97% 


Series Arrangement of Arcs. — The ideal circuit for arc lamps is the 
constant-current or series circuit, in which all the power can be utilized 
in the arcs themselves, as contrasted with multiple circmts which waste 
part of the power in arc ballast In American cities, senes circuits 
operating with several thousand volts are common, while m Europe the 
multiple arrangement of arc lamps predominates. 

In the followmg table, there are shown typical arc lamps used on 
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senes circuits. The carbon arc lamp is the only one in use on alternat- 
ing-current circuits The low voltage of the arc has the advantage of 
increasing the number of lamps per senes circuit of fixed voltage. 

TABLE XV 

Arc Lamps Used on Series Circuits 


Lamp 

Current 

Volts 

Lamps per 1000 

Open carbon arc d c 

9 6 

60 

20 

Enclosed arc a c 

7 6 

72 

14 

Flame arc a c 

10 

60 

20 

Magnetite d c 

4 

80 

12 5 


Multiple Arrangement of Arcs. — The multiple arrangement of arcs 
for street lightmg has been extensively used m Europe with flame arcs 
but has not been developed in Amenca. The objection to the multiple 
arrangement is the increased loss of energy used in the ballast of the 
arc lamps. Data on this are given m the following table for 110-volt 
circuits. 

TABLE XVI 

Voltage Distrxbution on 110-Volt Cirgutts 

Typo of Arc Lamp Total Arc Voltage Balluat Voltage 


Open type of carbon arc 
Enclosed arc 
Single-flame arc 
Open twin-flame arcs 


60 

60 

72 

38 

60 

60 

90 

20 


On 220-volt circuits, the relations are shown in Table XVII. 


TABLE XVII 

VoivTAGB Distribution on 220-Voi;r Circuits 


Type of Ajo Lamp Total Are Voltage Ballast Voltoge 


Enclosed arc (photographic) 

120 

100 

Enclosed flame arc 

120 

100 

Two-senes flame arcs 

120 

100 

FouTHgenes flame arcs 

180 

40 


Relation, of Voltage to EflSlciency. — The carbon arc has an abrup 
increase to a maximum of hght efficiency just above the starting ar 
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voltage, especially with small carbons. In contrast with this, the flame 
arc starts giving light at half the voltage of the carbon arc and continues 
to mcrease in efficiency to very high arc voltages. This difference in 
behavior is shown in Fig. 21. The chief benefit of a long carbon arc 
is to decrease the shadow caused by the lower carbon. 


Arc Voltaere to Lumenfl per Watt 



Arc Voltaaro 

Fig 21 Relation of Arc Voltage to Lumens-per-Watt for Carbon and Flame Arc 


With very high arc voltagep (above 100), the light mcreases, but at 
a slower rate, because of (1) the coohng action of mcreased air currents; 
(2) the escape of the light-giving vapors from the arc; and (3) increased 
dust arising from the condensation of the arc vapors. 

The relation of photographic hght to arc voltage is shown in Fig 22. 
By calculatmg efficiency, it is seen that in this case the maximum hght 
per watt in the arc is at about 45 arc volts. This makes it possible to 
place two flame arcs in series on 110-volt circuits at their maximum of 
hght efficiency. Two enclosed carbon arcs cannot be operated in series 
on a 110-volt circuit. This illustrates the electrical advantages of flame 
arc on both multiple and series circuits. 

The voltage-power component of alternating current is very effectively 
utihzed by the flame-arc stream but wasted in the pure carbon arc 
The light efficiency of a pure carbon arc is nearly twice as great on direct 
current as on alternating, because of the greater heat losses at the craters 
of the latter. For the same reason, large, sohd flame carbons also give 
shghtly better efficiency on direct current. On the other hand, small 
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cored flame carbons give better efficiency on alternating current because 
of small heat losses at the craters. The voltage-power component and 
the feeding of the flame materials, from both electrodes, favor the hght 
efficiency of alternating flame arcs As a result of using small cored 
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Arc Voltaare 

Fig 22 Relation of Arc Voltage to Photographic Light 


carbons, the white-flame arc gives 50 to 100 per cent greater efficiency 
for photographic purposes on altematmg than on direct current 

The conclusion is that the flame arc effectively utilizes a wide range of 
voltage conditions and has made possible a variety of new arc-lamp designs. 

Relation of Current to Efficiency. — With the pure carbon arc, using 
the proper sizes of carbons on either direct or alternating current, the 
light increases with the current as the 1 4 power With flame arcs, the 
visual hght increases with the current to the 1 6 power This exponent 
(1 6) also apphes to the light from the magnetite arc With flame arcs 
of the tungsten type, the aata indicate that the light increases as the 
square of the current 

On direct current the photographic hght increases as the current to 
the 1 8 power, while on altematmg current the increase is approximately 
as the 2 2 power of the current. 

The relation of the photographic power to the current is shown in 
Fig 23. The relation of visual light to the current of a yellow-flame 
enclosed arc is shown in Fig. 24 in the form of hght distribution curves 
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Fig 23 Relation of Current to Photographic Effect on 110-volt Lines with 
Enclosed Carbon Arc Versus Single and Twin-flome Arcs 



Fig 24. Condlepower Distribution Curves with a Sohd Flame 
Carbon Arc at Different Currents 



86 


LIGHT SOURCES 


Importance of Arc Control. — Since the arc is characterized by a 
marked decrease of its resistance with an mcrease in current, the arc 
voltage also decreases. Hence, the mamtenance of a stable arc depends 
very much upon the kind and amount of external resistance in senes 
with it. This feature of the arc is an advantage from the standpomt 
of wide regulation but it is a disadvantage from the standpoint of the 
power lost externally to the arc in its current-regulatmg apparatus, 
called the arc ballast On a multiple circuit, the arc ballast may con- 
‘ sume 1 to 50 per cent of the total electncal energy used, dependmg on 
the kmd of arc and ballast, while on a senes circuit this loss is avoided, 
j because of the constant current which is supplied by the generatmg 
I apparatus. 

Arc Ballast. — On direct current, the arc ballast is usually a resistance 
wire with a low temperature coefficient of resistance, so that as the 
resistance heats up, the arc regulation will not change If the resis- 
tance is arranged on a magnetic core, the steadiness of the arc is im- 
proved. 

On alternating-current circmts, reactance may be, and usually is, 
employed instead of the steadymg resistance, and the waste of power is 
thereby greatly decreased. Of course, the power factor is less favorable 
with a reactance ballast An important aspect in detenmning the kmd 
of ballast which should be used in an arc is its effect on the efficiency 
of the arc itself. In the case of the carbon arc, the use of a reactance 
decreases slightly the lumens per arc watt The exact reverse results 
with the flame arc The use of a reactance with a flame arc gives a 
considerably higher efficiency of the arc itself than the use of a resistance 
baUast. 

Globes. — The use of globes introduces two additional points of 
interest to the engmeer (1) the effect on the distnbution of the light, 
and (2) the hght absorbed (Table XVIII) Absorption of light by the 
globe has been a big problem in arc-lamp design because the mineral 
products or ash from the electrodes must be prevented from depositing 
on the globe and thereby obscuring the hght A great deal of investi- 
gation was necessary to show how this could be done in the long-life 
flame lamps where operation was required for 100 to 200 hours A 
complete solution was found in a coolmg chamber or circuit above the 
arc and a means of keeping the glass globe hot The latter was accom- 
plished by the simple device of using a second globe so that the air space 
between the two prevented the cooling of the inner globe In all lamps 
eqmpped with glass, attention must be given to keeping this as clean 
as possible. 
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TABLE XVIII 

Effect op Globe on Lumens pee Watt op Line Power 


Lumona per Watt 


Deeonption of Light Source 



No Globe 

Fully 

Equipped 

Senes open-flame vertical lamp on d c , 10-amp , 43-v , pearl- 
white carbons 

Senes open-flame vertical lamp on a c , 10-amp , 36-v , pearl- 

120 0 

100 0 

white carbons 

Multiple mclmed-tnm yellow-flame lamps on a c or d c , 

62 5 

60 0 

10 amp , 65-v , cored carbons 

Series open-flame vertical lamp on d c , 6 6-amp , Boston-type 


48 0 

cored carbons 

White-flame single arc lamp, multiple, 26-amp , 110-v , with 


46 0 

resistance, snow-white carbons 

29 0 


Senes magnetite lamp, d c , 6 6 amp 

Long-burning enclosed flame arc lamp, senes street lighting, 


17 0 

white 


17 0 

Series open carbon arc lamp, d c , 9-amp., 40-v 

16 6 

14 0 

Series magnetite lamp, d c , 4 0-amp 

Gas-filled incandescent lamps of 300 watts, fully equipped 

13 0 

11 0 

for street lighting 

Series enclosed carbon arc lamp, a c , 6 6-amp 


9 6 

6 0 

Multiple enclosed carbon arc lamp, a c , 6 6-amp 


4 0 


The etching or corrosion of glass globes by American carbons was 
decreased by the use of zinc oxide and lithopone in the carbons as basic 
(acid-neutralizing) materials A very efficient absorbent for the corro- 
sive gases was discovered in fused boric oxide, which is now used in 
white-flame street lamps. The amount of material to be neutralized 
is only 0 003 gram per hour 

Operation for Street Lighting. — For the open carbon arc, from 4 to 
26 lamps were operated in senes on a 9 6-ampere direct-current circuit, 
with a 45-volt difference of potential between the electrodes of each 
lamp. 

Higher arc voltages are necessary with enclosed than with open arc 
lamps, because of the increased resistance of the arc stream and because 
the electrodes need to be farther apart to allow the light to escape 
The electrodes of the enclosed arc lamp burn with blunt, flattened ends 
which cause more shadowing of the light than is the case with the more 
pointed electrode tips of the open arc lamp. The most common types 
of enclosed arcs operate on alternating current at 6 6 to 7.5 amperes and 
70 to 80 arc volts The efficiency of such lamps for producing light is 
one-third that of the open carbon arc lamps. This great loss in the 
efficiency of production of hght is due to greater arc voltage (wasted in 
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the non-luminous arc stream), the lower current (efficiency is less ai 
small currents), and the use of alternatmg current instead of direci 
current (alternating current is half as effective as direct current with the 
neutral carbon arc). 

A special direct-current circuit with mercury rectifiers is used as the 
source of power for the magnetite arc, because this arc is unsuitable 
for operation on alternating current. This is also essentially an outdoo] 
lamp, because of the products containing iron oxides from the arc. The 
electrodes, composed of non-combustible oxides, give as long life as 
enclosed arc carbons and have as low a cost of trimming. The hght is 
of much higher efficiency than the enclosed arc and has a high horizonta 
candlepower which is desirable for street hghting. 

About the year 1910, the first long-hfe enclosed-flame lamp for streei 
hghting was developed These lamps would operate for 125 hours witt 
a single carbon trim consistmg of a I by 12-uich upper solid flame carbor 
and a 6-inch lower carbon. As with the enclosed-arc lamp, carbor 
electrode economy is secured by using the upper stub for the succeedmg 
lower trim carbon. A later model of flame lamp was bmlt, usmg bj 
14-mch carbons. These carbons give more hght, longer life, decreasec 
corrosion of metal and glass globe, and remarkable reliability anc 
freedom from outage 

Searchlight Construction. — In the searchlight, the puncipal objeci 
IS to obtain a light source os small and as bright as possible at the focuf 
of the parabolic mirror, in order that the spread or angular dispersior 
of the beam will be as small and intense as can be obtained It has beer 
found that with a pure carbon shell and a white-flame core, the are£ 
of the positive crater is very much smaller than can be secured from i 
plain carbon; and the light-emittmg power per unit surface is mcreasec 
over threefold. The combined effect on the beam mtensity is to giv( 
nine times as much hght with less angular dispersion. 

The evolution of the searchlight lamp has changed its weight fron 
9000 pounds to 300 pounds for the new type 

The diameter of the positive carbon for the 150-ampere white-flamc 
high-mtensity lamp is only 0 63 inch as compared with the older type 
searchlight with neutral-cored positive carbon having a diameter o1 
0.29-1 50 inches 

The high-mtensity effect resides in a deep cup-shaped crater formed al 
the end of the positive flame carbon The current goes to the bottom oi 
the cup because the anode voltage to the flame core is only half that of th( 
pure carbon shell. The great density of energy of several kilowatts (15( 
amperes at 40 volts) concentrated m about one cubic centimeter of white 
flame vapor issmng from the core is the reason for high light emission. 
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Arcs for Motion-picture Projection, — Three classes of carbons are 
used for motion-picture projection work — solid, neutral-cored and 
white-flame. 

Sohd carbons have been used on low amperages both as positive 
carbons and as negatives. The neutral-cored positive is at present 
most widely used for motion-picture projection 

The use of metal-coated negatives for (hrect-current motion-picture 
projection is an American invention, and is important because of the 
improvement m the steadmess and amoimt of screen light. Arc steadi- 
ness is improved by the use of this negative, because it is much smaller 
in diameter than the unplated negative formerly used. The negative 
crater is confined to a smaller area. The arc voltage is reduced by 
about 5 per cent. The steadier arc and the decreased shadow of the 
smaller negative increase the screen illumination about 16 per cent for 
equal hne power. 

A further increase m candlepower of 50 per cent can be secured by 
lamps burning the positive carbon m a horizontal position and about at 
right angles to the negative. In this arrangement, the large positive 
crater is fully exposed and squarely faces the hght-coUecting condenser. 
Such nght-angled operation is best accomplished With white-flame 
carbons. 

For alternating current, there are two kmds of carbon trims in use: 
(1) neutral-cored carbons, and (2) white-flame cored carbons. Some of 
the advantages which result from the use of the latter as compared to 
neutral-cored carbons are (1) quiet, steady arcs with (2) whiter light, 
and (3) higher screen candlepower The pictures appear clearer and 
with more perspective 

On direct current, the white-flame arc was slower in development 
but at present is makmg greater strides. The white-flame high-mten- 
sity positive at 75 amperes gives about three tunes as much screen hght 
as the neutral-cored positive of the size commonly used. The gam in 
eflSciency with this hght comes from the higher crater brightness result- 
ing from the luminescent vapors m the positive cup and the right-angle 
position of the positive carbon The crater squarely faces the con- 
denser and IS exactly placed at the best optical position. The operation 
of these lamps is entirely automatic. 

Electric Incandescent Lamps 

[I H Van Horn] 

Manufacture. — The industry of electnc lighting may be said to 
have been born with the announcement inJ.879^of the success of a trial 
ioLstaUation set up by Edison at his laboratory in Menlo Park, N. J. I 
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j Edison offered a lamp to meet a condition which he considered essential 
to the success of electnc lightmg, namely, that the lamps operate in 
multiple so that the hghtmg or the extmguishmg of one lamp need not 
affect the operation of any other 

The lamp developed by Edison consisted of a filament of high- 
resistance carbon hermetically sealed m a glass bulb from which all air 
had been removed. The development of this lamp was very rapid. 
The modern carbon filament lamp, except for the raw materials and the 
processes used m the preparation of the filament, is essentially the same 
as the lamps mstaUed in the Pearl Street Station of the New York 
Edison Company in 1883 The older lamp had for its filament a carbon 
hairpin made from a strip of bamboo shaved down with a knife to a 
suitable size and carbonized after being bent to its final shape The 
vacuum of the early lamps was slightly inferior to that obtained m the 
modem lamps. The filament of the modern 110-volt treated-carbon 
lamp is the carbon skeleton of a cellulose thread covered with graphitic 
carbon deposited upon it from decomposed gasoline The 200-volt 
untreated-carbon filament lamps of to-day contam only the carbon 
skeleton of cellulose. The gem lamp contains a filament of the same 
materials as the 110-voIt treated-carbon lamp, prepared in the same 
way but subjected to the mtense heat of an electnc furnace, both before 
and after the graphite coatmg has been apphed. The electnc furnace 
treatment converts the filament, and especially the coating, mto a 
different form of graphite which will withstand higher temperatures 
than regular graphite and which is similar to a metal m its temperature 
coefi&cient of electrical resistance. 

The gem lamp was followed by the metal filament lamps first, the 
tantalum drawn-wire, next the pressed-filament tungsten, and finally 
the drawn-wire tungsten filament lamp which has generally superseded 
the other types, due to its superiority in efliciency and general operatmg 
characteristics 

The description of lamp manufacture which follows refers especially 
to the drawn-wire tungsten filament lamp. These lamps are divided 
into two general classes, vacuum and gas-filled. In the gas-fiUed lamps, 
the fiJament is usually coiled to reduce the energy loss from the filament 
due to gas conduction and convection Fig 26 is a sketch of a typical 
vacuum and a typical gas-filled lamp, giving the names of the lamp 
parts. 

The lamp production of the Umted States amounts to more than 
260,000,000 lamps per year. A result of large-scale production has been 
to establish special factories for producing lamp parts from the available 
raw materials. For example, glass works produce the glass parts, wire 
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•works produce the filament and support wire, weld works produce the 
lamp leads, and base works produce the bases The lamp parts are 
then taken to the lamp factory, where they are worked up mto fimshed 
lamps. It IS not within the scope of this work to give more than a brief 
sketch of the various steps m lamp manufacture. 


50 WATT- 1 15 VOLT 
VACUUM LAMP 


160 WATT-115 VOLT 
GAS FILLED LAMP 



Bp- V 

Fig. 26 Arrangement of Pai*ts m Vacuum and Gas-fiUed Lamps 


Glass. — Glass is fundamental to the success of the incandescent 
electee lamp. In many respects it is an ideal material, for it is trans- 
parent; it can be readily worked mto almost any shape; it is impervious 
to gases; it has high electrical and thermal resistivities, and it is rugged 
enough to withstand ordinary shocks In the early days of lamp making 
the bulbs were blown without the aid of molds and accordingly individ- 
ual bulbs varied greatly in their dimensions. Bulbs are now blown in 
molds and the sizes and shapes are within the control of the designer 
The advent of the molded bulb made possible the elimination of much 
of the hand glass work formerly required m mampulating the glass in 
the subsequent operations of lamp making. The methods of drawing 
glass tubing were about the same up to a year or so ago as they have 
been for centuries, but tubing is now drawn automatically The tubmgs 
and rods are carefully gauged and sorted into groups of sizes and then 
cut m lengths smtable for handhng and shipping 
Tungsten Wire. — Since the advent of ductile tungsten wire, its use 
as a filament material has become almost umversal Tungsten metal 
was first isolated in 1783 but the method of worldng it was not dis- 
covered until the present century. Tungstic acid of high purity in the 
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form of a yellow powder is reduced to metallic tungsten by heating to 
red heat m hydrogen gas. The reduced tungsten is m the form of a 
powder with a dark gray appearance. The powder is then formed into 
slugs about i to I inch square and 16 inches long, by placing it in 
separable molds and compressing it under high pressure so that the 
grains cohere. This slug is then placed in a hydrogen furnace at a 
bright-red temperature to produce a slight surface fusion. After this 
treatment the slug may be handled without danger of breakmg and it 
is then placed m an enclosed bottle through which hydrogen is flowing, 
and is gradually heated to a high temperature by passmg a constantly 
increasing electric current through it. The resulting slug is hard, 
dense, bright, gray tungsten, which is ductile. 

The treated slug is crystalhne and the subsequent operations develop 
the groups of crystals into bundles of fibers by the hammering action 
of swaging machines and the stretching effect of dies. A tough fibrous 
structure results Diamond dies are used m drawing the tungsten wire 
through its final stages. The diamond dies through which the tungsten 
wire is drawm are set in iron so that they may be operated at red heat 
Tungsten wire is hard and the dies wear rapidly, so that they require 
frequent polishing. 

I Tungsten wire must be drawn in long lengths and to accurate sizes. 

{Tungsten wire as small as 0 0005 mch in diameter has been produced. 
A quick method of accurately rating this wire is reqmred, and a simple 
method for determining the diameter is to weigh a definite length of 
the wire. A torsion balance built on the principle of the Siemens 
electro-dynamometer, measunng torque m milligrams, has proved 
entirely adequate for rapid work. 

Tungsten wire in proper sizes is supplied to the lamp factory ready 
for use for filaments and for filament supports. 

Lamp Leads. — The wires used for leadmg the current from the lamp 
base through the bulb to the filament are termed leadmg-in wires, or 
leads These wires must make an air-tight seal with the glass and must 
remain tight under the changes m temperature and pressure which are 
met with during the life of the lamp In early days, platinum was the 
only metal which filled these requirements Platmum has never been 
very plentiful and the many fields for its use have resulted in making it 
a very costly metal. Just enough of it was used m a lamp to make the 
seal with glass. The inner and outer leads were welded to the small 
platinum wues The engineers m the lamp mdustry early saw the 
necessity for a cheaper wire for making this air-tight seal, and as a result 
a number of substitute wires were developed which worked equally as 
well as platinum. The wire m general use for this purpose is a composi- 
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tion wire made with a core of mckel-iron surrounded by a copper 
sleeve. 


Automatic machines have been developed which electrically weld 
the inner and outer leads to the seal lead. The weld works prepares 
leads of the sizes required for lamp use and supplies them to the lamp 
factory ready for use in lamps 

Bases. — The lamp base is another very essential part of the lamp. 


Its function is to supply not only 
a mechamcal means for support- 
ing the lamp but also an electrical 
connection between the electrical 
supply hne and the lamp leads. 
The brass parts are punched out 
of sheet brass, shaped and pressed 
into glass which electrically in- 
sulates and holds them in posi- 
tion The bases are aU pressed 
in dies of proper dimensions in 
order that they may fit standard 
sockets. The bases as shipped 
to the lamp factory are ready to 
be put on the lamps. 

Assembling the Lamp Parts. — 
The work of assembling the parts 
of a lamp (Pig 26) is done in the 
lamp factory. One of the most 
essential elements in the prepara^ 
tion and assembhng of lamp parts 
is cleanliness The bulbs as re- 
ceived by the lamp factory are 
first washed mtemally with chem- 
icals and then with water and 
allowed to dry The bulbs are 
then ready to be tubulated A 
hole is blown through the bulb 
and the small tube, which later 
serves as the exhaust tube for 
the lamp, is attached. The bulb 



Fig 26 Photograph of the Parts of a 
Tipped Construction Lamp Showing 
Some of the Stages m Its Aasembly 


A shows stem tubmg, B exhaust tubmg, 
C cane glass for the arbor, D lead wires, 
E stem tubing, and cane glass cut to 
proper length, F the stem tube with a 
flange rolled on it and the cane glass with 
buttons formed, G the completed stem, 
H the stem with supports inserted m the 
buttons, I the completed mount with 
filament wire draped m place and attached 
to the lead wires, J a bulb as received 
from glass works, K a bulb with a hole 
blown m and an exhaust tube ready to be 
attached, L the tubulated bulb, M the 
tubulated bulb cracked off at the bead 
ready for sealing m N shows the mount 
sealed into the bulb ready for oxhaustmg, 
0 an exhausted lamp with base ready to 
be attached, and P the based lamp ready 
for the customer 


is then cracked off at the bead, 

which IS an enlarged portion of the neck left on when the bulb is blown, 
and is ready for the process of sealing in the mount. On machine-blown 



94 


LIGHT SOURCES 


bulbs, the bead is omitted, the bulbs being received at the factory 
ready for direct sealing to the mount. 

Tubing as received in the lamp factory is in lengths of about 4 feet. 
At the factory it is cut into lengths suitable either for tubulatmg bulbs, 
or for stem flanges. The tubing which has been cut to the proper 
length for flanges is then placed in an automatic machine and flanges 
are roUed The cane glass (glass rod) in 4-foot lengths is put into the 
button-making machme which automatically feeds the cane glass into 
the machine, forming buttons of the desired size on the cane The 
next operation consists m assemblmg the leads, the flanges and the 
button rods mto one part known as the stem. This work is done on a 
semi-automatic machine known as the stem machine When the stem 
is completed, supports are inserted mto the button and hooks formed. 
This work is done on the support-inserting machine 

The tungsten filament wire is wound on special forms which shape 
or mark the wire into sections of known lengths For the gas-filled 
lamps, the filament wire is coiled into hehcal coils on mandrels (wire 
in this case) on special coihng machines or lathes adapted for this work. 
The mandrel wire is removed chemically from the small coils and me- 
chanically from the large coils The formed filament wire is draped 
over the small wire supports and attached to the inner leads, completing 
the moimt which is then ready to be sealed mto the bulb. In the case 
of the vacuum lamp, a chemical called a “ getter ” is usually placed on 
the mount before it is sealed mto the bulb 

The sealing operation is performed on a seim-automatic machme 
which holds the mount m an upright position in the bulb, while the seal 
is bemg made. The bulb is melted down so that it makes an air-tight 
joint with the flange. 

The lamp is then taken to the exhaust machme where the air is 
pumped out of it by means of vacuum pumps. The lamp is ordinarily 
placed m an oven durmg this process, m order to assist m removing 
moisture and other volatile matter from the inner parts of the lamp. 
The lamps to be exhausted are fed into one side of the machine and at 
the completion of their travel through the oven are tipped off The 
gas-filled lamp is fiUed with the proper gas at a known pressure before 
it IS tipped off. 

From the exhaust machme, the lamps are passed to the flash-aging 
machme where the filament is first heated up to its operating tempera- 
ture. In the case of the vacuum lamp, as has been stated, a certain 
chemical or “ getter ” has been placed in the lamp which assists in 
'' cleaning up (making inactive) the residual gases in the lamp at the 
time the filament is lighted on the flash-aging machine. This clean-up 
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of gases is usually accompanied by a blue glow known as the Edison 
effect, and its disappearance is an indication that the residual gases have 
been cleaned up and that the vacuum has been perfected. 

The next step in the completion of the lamp is attaching the base to 
the lamp. The base is coated with cement, placed m position on the 
lamp, and passed through an oven in order to drive off the volatile 
matter from the cement and to set it The outer lead wires are then 
soldered, one to the center contact and the other to the shell contact. 

The lamp is then cleaned, lighted for inspection, labeled so as to 
designate the wattage and voltage or current, packed and shipped to 
the customer ready for service. 

The quahty and value of the finished lamp depends on the care and 
skill used m preparmg the lamp matenals and in assembling them into 
the finished lamp. Many of the processes must be controlled within 
very close limits The services of a large number of scientific men have 
been utihzed in studymg the problems of lamp manufacture and pro- 
duction 


Properties of Tungsten 


Temperature Scale. — A relation showing how the temperature 
vanes with some arbitranly chosen property of a material, e.g., resis- 
tivity, total emission per unit of area, brightness, constitutes a tempera- 
ture scale of the material For filaments used as hght sources, a scale 


relatmg temperatures in ° K to brightness in 


candles 
cm 2 


is most appropri- 


ate. For tungsten such a calibration has been carried out on a tubular 
filament with small holes penetrating its walls The radiations from 
the small holes were almost completely black and permitted the appli- 
cation of black-body laws in measurmg temperatures corresponding to 
Drightness, which were determined by ordinary photometric means 
Variations in various properties of tungsten which depend on this scale 
ire shown in Table XIX The data in this table show among other 
things that (1) relatively the bnghtness increases much more rapidly 

dB I dT 

han the temperature, i e , much greater than umty; (2) that 


his ratio, 


dBnjdT 

^ bJ T’ 


decreases with temperature. 


thus at 2000° K a 


per cent change m T is accompamed by 12.3 per cent change in 
7hile at 3000° K the change is 8 3 per cent, (3) that the total emission, 
?, varies similarly though less pronouncedly, and (4) that the luminous 
fficiency vanes snmlarly and more pronouncedly. At 2450° K, the 
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approximate operating temperature of the 50-watt vacuum tungsten 
l^p, the values for E and € are respectively about 190 ^ y 


64 


watts 
cm.^ ' 


and 10 


lumens 

watt 


TABLE XIX 

Data on Tungsthn 

Applicable to wires at constant temperature throughout their lengths, 
mounted in vacuo 


T 

“K 

Tc 

Bn 

Candles 
om » 

TiBn 

BndT 

B 

watta 

om • 

T dE 

EdT 

P 

ohm- 

om 

Tdp 

pdT 

e 

lumens 

watt 

Tde 

edT 

1 

h 

L 

Lmu 

^LdT 

2000 

2038 

20 0 

12 28 

24 2 

4 86 

04502 

1 200 

2 77 

7 42 

1 0088 


-61 6 

2100 

2143 

35 0 

11 74 

30 6 

4 81 

04628 

1 200 

3 05 

0 03 

1 0004 


-48 0 

2200 

2248 

01 4 

11 22 

38 3 

4 76 

04664 

1 200 

6 40 

6 47 

1 0101 

116 

-40 5 

2300 

2366 

00 8 

10 77 

47 2 

4 70 

04700 

1 200 

7 16 

6 07 

1 0108 

16 1 

-44 4 

2400 

2464 

156 

10 33 

67 7 

4 65 

04737 

1 200 

0 15 

6 08 

1 0110 

2 40 

-42 3 

2500 

2675 

234 

0 03 

60 7 

4 60 

04774 

1 200 

11 4 

6 33 

1 0124 

427 

-40 6 

2600 

2685 

344 

0 66 

83 3 

4 50 

04811 

1 200 

14 0 

5 00 

1 0132 

0801 

-38 8 

2700 

2706 

402 

0 21 

08 0 

4 62 

04840 

1 200 

16 0 

4 00 

1 0140 

0200 

-37 2 

2S00 

2008 

688 

8 88 

lie 6 

4 48 

04887 

1 200 

20 0 

4 40 

1 015 

00580 

-36 8 

2000 

3021 

030 

8 68 

136 

4 44 

04026 

1 200 

23 4 

4 14 

1 010 

00182 

-34 4 

3000 

3137 

1266 

8 30 

158 

4 40 

04064 

1 200 

27 1 

3 00 

1 017 

000676 

-38 2 


T refers to the true temperature in “ Kelvin (" Centigrade + 273“) 

Tc refers to the color temperature m " Kelvin (® Centigrade + 273“) 

Bn refers to normal brightness The average brightness taking aooount of all directions is about 
B per cent greater 

E refers to radiation intensity Stnotly speaking, owing to disregard of thermal expansion, the 
unit IS a watt per om > of surface as measured at room temperature 
p refers to resistivity Stnotly speaking, owing to disregard of thermal expansion, the unit is an 
ohm-om with the measurement of length token at room temperature 
c refers to luminous efhoienoy Account has been taken of thermal expansion and of variation 
between normal bnghtness and average brightness 
l/lo refers to the length at temperature T divided by the length at room temperature 
L/Luw refers to life at temperature T divided by life at 2460“ K 


Color Temperature. — The experimental basis for the concept of 
color temperature is the fact that the radiations of most incandescent 
sources match in color qmte closely with those from a black body at 
smtably chosen temperatures Generally, if not always, the same inte- 
gral color for mcandescent sources means the same relative distribution 
of radiation in the visible spectrum Accordingly, the color tempera- 
ture of a source is defined as the temperature of a black body which 
has the same spectral distribution of radiation through the visible 
spectrum as the source in question. The matching may be performed 
integrally with an ordmary photometer, or wave-length by wave-length 
with a spectrophotometer. 
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The color temperature of tungsten at 2450° K. is quite closely 2500° K. 
That tungsten at 2450° K. has the same relative spectral distnbution 
throughout the visible as a black body has at 2500° K is quahtatively 
shown in Fig. 6. That the relative distnbution is actually the same is 
evident when the ordinate umts for the two curves are arbitrarily so 
chosen that they coincide at some 
wave-length in the visible. This has 
been done in Fig. 27 in which the 
spectral energy curves of tungsten, 
imtreated carbon, and a black body 
at a color temperature of 2200° K 
are shown. 

Certain substances have spectral 
luminosity curves which differ so 
greatly from black-body curves that 
color temperatures cannot be as- 
signed to them. 

Radiating Properties. — As shown 
in Fig. 6, the spectral energy curve 
of tungsten at 2450° K , the approxi- 
mate normal operatmg temperature 
in the vacuum lamp, is much like that for a black body at the same 
temperature, Certam differences are evident, however 

(1) The wave-length of maximum emission mtensity, X«, for tungsten 
is shghtly less than for a black body. It is at 1 15jLt instead of 1.18/x; 

(2) The spectral emissivities of tungsten progressively decrease in 
proceedmg to longer and longer wave-lengths. Thus at 0.6 m, 1 O/i, 

2 Om and 4.0m, they are 0 44, 0 33, 0.26 and 0 19, respectively This 
progressive change is the cause of the difference in just previously 
noted and shows also that tungsten filaments belong to that class of 
non-black bodies which radiate selectively. For li^ht production, tins 
selectivity is distinctly favorable I ^ j f 

^ If ’ 

Variations in the radiating properties with temperature are shown ^ 
by the eimssmty curves of Fig, 28. The total emissivity curve shows a 
marked variation with temperature, starting at about 10 per cent at 
1000° K , it mcreases to about 31 J per cent at the ordinary vacuum- 
lamp temperature of 2450° K and to about 38 per cent at the meltmg 
point, 3655° K This change is in considerable part explained by the 
shift in the center of the spectral energy curve from the far infra-red 
where the spectral emissivity of tungsten is relatively low to the near 
visible where the spectral emissivity is relatively large The average 
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Etg. 27. Spectral Energy Curves for 
Tungsten (A), Black Body (B) and 
Untreated Carbon (C) at a Color 
Temperature of Approxunately 
2200° K 
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visible emiseivity, on the other hand, shows a slight decrease with 
increase in temperature, changmg from about 50 per cent at 1000° K. 
to about 42 per cent at the melting point. This gradual approach of 
the two emissivities as the temperature is increased mdicates that the 
favorable selectivity of tungsten becomes relatively less important as 

the temperature increases. At 
temperatures above 4500° K., the 
temperature at which the two 
emjssivity curves are assumed to 
cross, the selectivity of tungsten 
would be a disadvantage m hght 
production. 

The above analysis by spectral 
energy curves and emissivities 
gives a complete statement of 
the selectivity of the radiation 
A Hnefer but still important 
statement of the selectivity from 
a hght-production standpoint is 
Fig 28 Spectral and Total Emissive contained m the color tempera- 
Powers of Tungsten. temperature relation. 

Where the color temperature differs from true temperature, there is 
necessarily selectivity of radiation. If the color temperature is the 
greater, as m tungsten, the emissivities for the shorter visible 
wave-lengths are greater than for the longer wave-lengths. If this 
decrease m emissivity with mcrease in wave-length persists into the 
infra-red, as in tungsten, the body possesses a favorable radiating 
selectivity If the tendency is the opposite, the selectivity is unfavor- 
able. Other things being the same, the greater the difference between 
the color and the true temperatures, the greater the favorableness or 
unfavorableness. Unfortunately, the color temperature — true tem- 
perature data are at present qmte meager for substances other than 
tungsten and do not permit illustrations of this pomt. Values for 
tungsten are included m Table II 

Resistance to Vaporization. — Data on the vaporization of tungsten 
(Table XX) were obtained by measuring the loss m weight of various 
filaments which were operated at various temperatures %n vacuo for 
different lengths of time. These losses m weight, combmed with the 
initial dimensions of the filaments, the density of tungsten, and the tune 
of operation, yield directly, for the temperature concerned, the rate of 
vaporization, a quantity expressible m grams per square centimeter. 

That vaponzation is the^prmcipal factor m the hfe of tungsten lamps 
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hj^Jbeen thoroughly demonstrated. Table XX includes among other 
things the rate of vaporization of the lamp filament at normal tempera- 
ture and at the temperature used by certam manufacturers in testmg 
their product, and the hves of these lamps as determined by expenence. 
The relative decrease in life resultmg from the increased temperature 
is qmte closely the same as the relative mcrease in the rate of vaporiza- 
tion The very close agreement is taken as evidence of the predominat- 
ing importance of the vaporization factor. 


TABLE XX 

Dvta Showing Relation Bbtwhbn the Rate op Vaporization op Tungsten 
AND THE Life op a GO-Watt Tungsten Lamp 


Condition 


Effioienoy 

Average 


True 

Temperature 

(Average) 


Life 


Rate of 
Vaporization 


Normal 

Test 

Ratio 


10 0 
13 3 


lumens 

watt 


u 


2437° K 
2663° K 


Over 1000 hours 7 25X10-«» 

cm * sec. 


130 hrs to 140 hrs 6 50X10-® « 

74 76 


Superiority as a Filament Material. — In fixmg upon a smtable 
material for a lamp filament, there are several questions to be considered. 
Of those mvolvmg physical properties, everything simmers down 
chiefly to their contributions toward the amount of light that may be 
obtained when constructed in convement-sized umts for a given input 
of energy and, to some extent, to the spectral character of the light 
emitted. In comparing different materials consideration must not 
only be given to the radiating selecri yities at any given temperature, 
but also to the practical temperatures of operation I 

At present, because the temperature scales for other matenals than 
tungsten are not known, it is not possible to compare selectivities at a 
given true temperature However, m consequence of the ease of makmg 
color matches, it is possible to make a comparison of radiatmg proper- 
ties, showing selectivities under the conditions of the same color tem- 
perature. Table XXI thus shows the lamp efl^ciencies for various 
incandescent sources at color temperatures 1700° K and 2160° K. A 
difference in efllciency at color match is positive evidence of selectivity 
of radiation, since evidently the differences can only be due to a failure 
of the spectral energy curves as plotted in Fig 27 to coincide in the 
infra-red. Lacking data on com parisons at the same true temperatures, 
one may take, for purposgs-^cTc^mpi^^ of selectivity 
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the ratio — , where eo and e represent respectively the efficiencies 

€0 

of the black-body and of the source in question at the same color tem- 
perature. This method of expressing selectivity is of considerable value 
in that one can tell at a glance how different sources range themselves 
as to favorableness in hght production. 

Table XXI shows an mcreasing selectivity from the black body to 
osmium. It is to be noted that the positions of the black body, un- 
treated carbon, and tungsten are consistent with the results plotted in 
Fig. 27, and that while tungsten is very favorably selective, osmium is 
more so The fact that timgsten is used commercially to the exclusion 
of osmium rests Upon other properties. 


TABLE XXI 

Data Showing Radiation SEn^ECTrvrnBS op Various Sources at 
Two Color Temperatures 



Tc - 1700' 

Source 

Efficiency 

Lumens 
in 


Watt 


Black body (computed) 0 33 

Untreated carbon 0 39 

Flashed carbon 0 41 

Graphitized carbon (gem) 0 41 

Tantalum 0 50 

Tungsten 0 69 

Osmium 0 72 


K (approx ) 

Tc - 2160“ 

K (approx ) 

Selectivity 

Effloienoy 

Lumens 

Selectivity 

m Per Cent 

in 

Watt 

in Per Cent 

00 

2 8 

00 

18 

3 6 

25 

24 

3 7 

32 

24 

3 7 

32 

51 

3 9 

39 

78 

4 4 

67 

118 

4 9 

75 


The great determining factor in favor of tungsten as a filament 
material is its low rate of vaporization, a fact probably connected with 
its very high melting-point temperature, 3655° K. This means that 
for the same length of life tungsten may be operated at a much higher 
color temperature, as well as true temperature, than is possible with 
osmium, for instance The increased lummous efficiency that comes 
with this increase in temperature much more than offsets the more 
favorable selectivity of osmium. To illustrate, compare tungsten and 
graphitized carbon, a material which was used extensively in the gem 
lamp Table XXI shows that at 2160° K , the approximate operating 
color temperature of the gem lamp, tungsten has the advantage in 

1 X- -x f (1 + 0 57) - (1 + 0 32) 
selectivity of ^ ^ ^ ^ or about 20 per cent With each 
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at its normal operating temperature, the selectivity factor is reduced to 
about 16 per cent. However, under those conditions — the life of the 
carbon filament is then only half that of the tungsten filament — their 

efficiencies are respectively about 4.2 1^ ^™t^ ’ about 

140 per cent excess m favor of tungsten. Of this 15 per cent is ascrib- 
able to selectivity and the remaining 125 per cent to its lower vaporiza- 
tion rate. 

This same temperature factor, in ca^e it shall ever be found practicable 
to make carbon filaments which can operate for the same life at a 
sensibly higher temperature than is possible for tungsten, may in a 
similar way overcome the more favorable selectivity of tungsten and 
lead to the adoption of carbon as a filament material for vacuum in- 
candescent lamps. 


Testing 

The main purpose of testing lamps is to determine their life-perform- 
ance characteristics Under hfe performance of lamps, some of the 
factors that should be considered are imtial rating, lumen mamtenance, 
bum-out hfe and mechanical hardness. 

The initial photometric ratmg of the lamps gives the amperes, lumens 
and lumens per watt at labeled volts, and tells whether the lamps come 
within the allowable limits for these quantities. After the lamps have 
been rated, they are usually put on test at either labeled volts or at the 
volts for some definite lumens per watt. The lamps are measured at 
various intervals during life to determine how well they mamtain their 
lumen and current values. The ideal lamp from the standpoint of 
performance is one that remains in service for its rated hours of hfe and 
mamtams its lumen and current values constant. This ideal is seldom 
reahzed in practice and the tests serve to measure the departure from 
this ideal. 

It IS not essential to have an elaborate equipment for conducting 
lamp tests, but what is used must fulfil certain fundamental require- 
ments The photometer, the test racks, the electrical supply and the 
control apparatus should be rehable and of known accuracy, so that 
the proper use may be made of the test results. 

Photometers. — Lamps are rated both initially and during life on 
photometers, and unless the measurements are earned out with reason- 
able care, the results are hkely to be misleading At the present time 
the sphere has almost entirely superseded the oidinary bar photometer 
for incandescent lamp testing. The spheres in use vary in size from 
about 30 inches in diameter for mmiature lamps to 100 inches for large 
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□aps and extended Me testing. In general, the contrast t3rpe of pho- 
meter head is employed with the sphere, and together with the com- 
LTison lamp is mounted in an enclosed box. The photometric settmg is 
ade by changmg the distance of the comparison lamp. The standards 
e rated m lumens and preferably should be of the same tjrpe as the 
mps to be measured In Me testmg, in particular, they should be 
Locked frequently. Absorption stnps and colored glasses are employed 
• overcome the color difl&culties and extend the range of the instrmnent 
he sector disk is also used for the latter purpose. The employment of 
illed operators, who are thoroughly famihar with the use and main- 
nance of the apparatus, is essential for rehable results. 

Test Racks. — A test rack should be so constructed that the voltage 
i the socket can be controlled. To accomplish this two methods are 
common use. either a small transformer for each individual circmt 
mtainmg from one to ten lamps, or a large transformer with taps for 
le different voltages required Additional range is sometimes ob- 
ined by msertmg resistance in senes with each socket Spacmg is 
itermined by considerations of convemence, and the necessity of 
leping down temperature. It is desirable to keep the voltage drop 
the sockets and hues down to a low value so that the voltage at 
dividual sockets may be fairly constant even under different loadings 
the rack. The test rack should provide some flexibility as regards 
le position of lamps Those that are meant for tip-up burmng should 
i tested tip-up; those that are to be used m enclosed units should be 
sted m enclosed units 

Electrical Supply. — Owmg to the quite general adoption of alternat- 
g current for commercial service, it is common to use alternatmg 
Lrrent for Me testmg For ideal testmg conditions, the voltage at 
lc test socket should be mamtained constant throughout the test, 
he hmits within which the voltage can be maintained depend upon 
e equipment provided As practically no commercial supply is 
•nstant over an extended period, it is generally desirable to provide a 
parate source whose regulation can be controlled by the operator 
a large number of lamps are to be tested, the problem of electrical 
stnbution is important For convemence m testmg, the voltage 
op between the center of distribution and the test sockets should be 
lall, to avoid the necessity of large corrections The maximum 
.riation of voltage at the test socket may be easily kept within a volt 
V a well-designed and well-mamtained eqmpment. 

Control Apparatus. — A very essential piece of equipment for accurate 
e testmg is a high-grade time-clock, which will enable the computation 
the total number of hours that the Me-test racks operate dunng any 
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period. The time at which lamps are put on or taken off is stamped in 
the usual manner. By the use of suitable electrical equipment the 
clock can be made to run only when the racks are in operation. 

Accurate electric meters should be provided for checking the con- 
stancy of the electrical supply. Provision must be made to prevent 
over- and under-voltage on the test lamps. This may be accomplished 
by the use of suitable over- and under-voltage relays 

Methods of Testing. — The number of lamps required to give repre- 
sentative test results obviously depends on the uniformity of the in- 
dividual lamps. Anyone with experience in lamp testmg knows that 
lamps may vary considerably in their individual performance, and for 
this reason it is customary to hfe-test at least five lamps from any single 
group. Some particularly large users of lamps buy them under speci- 
fications and make acceptance tests on a small percentage of the lamps 
purchased. However, the average customer makes no special test of 
lamps His judgment of their quality is based on the service which 
they give The lamp manufacturer finds it is desirable to make tests 
of his own product m such quantities that he may satisfy himself as to 
the merits of his output It is sound busmess for him to dehver a 
product which fully hves up to the standard which he advertises. 

It is desirable to test lamps under conditions approximating the 
service requirements for the type of lamp involved. Lamps designed 
for constant-voltage service should be tested on constant-voltage cir- 
cuits, lamps for constant-current service should be tested on constant- 
current circuits; lamps for senes burning should be tested in series. 

One drawback to making hfe tests is that it takes a long time to 
complete the tests under normal conditions of burmng. An analysis of 
a large number of life tests has shown that there is a fairly defimte 
mathematical relationship between the lives of lamps operated at 
different efficiencies. Thus, if the hfe at one efficiency is known, it is 
possible to compute the probable life at some other efficiency after 
havmg once determined the mathematical constants involved This so- 
called hfe-efficiency characteristic is commonly expressed by the equa- 
tion 

L2 \eJ 

where Li and I /2 are the lives at Ei and E 2 lumens per watt respectively 
and b has a value which is deterimned by a large number of actual tests 
at different efficiencies, and may range from 6.5 to 7 5 for the ordinary > 
lamps. 

By testing lamps at a high efficiency, it is possible to complete a 
life-test in a comparatively short time. This is referred to as forced ” 
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testing. Thus a lamp which would require 1000 hours' burning for 
test at normal efficiency can be tested in from 100 to 200 hours by raismg 
the voltage approximately 15 per cent The chief argument for forced 
tests is the saving of tune; the argument against it is that the exponent, 
6, which has been deternuned, is an average value and may only be 
approximately correct for the particular test involved, and, as a result, 
the interpretation of the results may be m error. Normal efficiency 
tests are preferable and should always be used as a final criterion of 
lamp quality. 

Records. — In any system of lamp testmg, the lamps tested should 
be so marked that there is no possibility of a mistaken identity during 
the period covered by the test. Paper labels are not satisfactory for 
this purpose. Etchmg inks provide a very permanent marking. The 
records kept should furnish a complete history of each lamp during the 
test. The records should be permanent and readily accessible, so that at 
any future date they may be referred to in compiling lamp information. 

Evaluation of Results. — Much of the value to be obtamed from hfe- 
tests may be lost unless they are analyzed and evaluated. The value 
of a lamp for producing hght is a function of total hfe, imtial efficiency, 
and average efficiency during life In general, the lamp which main- 
tains the highest average efficiency for a given number of hours total 
life is the best lamp. It must be borne in mind, however, that lamps 
which may perform well in one service may prove wholly unsatisfactory 
in another, owmg to the special conditions which may exist There- 
fore, m any interpretation of results, it is very important to state the 
conditions and limitations of the test. 


Characteristics of Incandescent Lamps 

Characteristic Curves. — Increasing the voltage of a lamp results in 
higher filament temperature, a higher hght output, a higher wattage 
input, and a shorter life. The hght output mcreases at a higher rate 
than the wattage input and, therefore, a higher lumens per watt is 
obtained. The variation of amperes, watts, ohms, lumens (candle- 
power) and lumens per watt with varymg volts can be determined 
experimentally on a photometer. Such values plotted on coordinate 
paper produce smooth curves which are referred to as the characteristics 
of mcandescent lamps Fig. 29 shows a typical set of these character- 
istic curves for a vacuum tungsten lamp 
The 100 per cent values on these curves are the values at 10 lumens 
per watt, which is usually taken as the normal operating efficiency of 
vacuum lamps used on multiple circuits. The operating characteristics 
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of gas-filled lamps vary slightly because of their different forms of 
filament construction, but for most practical purposes the above curves 
for the vacuum lamps may be used for the gas-filled. 

It will be noted from these curves that a 10 per cent increase in volts 
corresponds to a 4 per cent increase in ohms, a 6 per cent increase in 
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Fig 29 Charactenstic Curves for a Vacuum Tungsten Lamp 

amperes, a 16 per cent increase m watts, a 20 per cent increase m lumens 
per watt and a 39 per cent mcrease in lumens (candlepower). These 
curves are logarithmic functions and can be expressed in the form of 
exponential equations. 

Characteristic Equations. — To detemune these curves or equations, 
measurements of amperes and lumens at different voltages are made 
on a photometer. The relations between amperes and volts and be- 
tween lumens and volts are, therefore, the fundamental characteristics 
from which the relations of ohms and volts, watts and volts, and lumens 
per watt and volts are derived Equations expressing the relations of 
these vanouB quantities for vacuum tungsten lamps have been worked 
out by several mvestigators, but those given m Scientific Paper No. 238 
of the Bureau of Standards are generally accepted as the most satis- 
factory for use over wide ranges of voltage. The equations are as 
follows: 
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TABLE XXII 
Chabacteristic Equations 

2/1 = 0 918a:® - 2 009x + 0 07918 
2/a = —0 946 a:® + 3 692 x 
yt = -0 028 a:® H- 1683 a; 

2/4 = -0 028 a:® + 0.683 a; 

where x = log voltage ratio 

2/1 = log actual watts per candle (w p c ) 

2/2 =: log candlepower ratio 
2/8 = log wattage ratio 
2/4 = log current ratio 

A set of tables taken from this Scientific Paper will be foimd at the 
end of the present chapter. If the fundamental quantities are known 
at one voltage, they may be found, by means of these tables, for any 
other voltage. In ordmary commercial practice the fundamental 
equations are usually expressed in the following form 



in which 7i, Li and Vi are values of amperes, lumens and volts re- 
spectively at some reference efficiency, and hj and V 2 are the corre- 
sponding values at some other efficiency. The exponents, t and fc, are 
constants whose values depend upon the fundamental efficiency chosen 
and the type of lamp mvolved, and the equations are correct only for 
small changes in voltage. For re^ar tungsten vacuum lamps, the 
values of t and k are approximately 0 58 and 3.51 respectively, when 
referred to a fundamental efficiency of 10 lumens per watt Having 
once determined the values of these exponents, it is possible to compute 
from equations (1) and (2) the values of amperes and lumens for any 
voltage within 5 volts (or 10 if too great accuracy is not needed), pro- 
vided the amperes and lumens at some one voltage are known. For 
instance, if a certam lamp, operated at 115 volts, takes 0 43 ampere 
and gives 480 lumens, what would be the values of amperes and lumens 
if the lamp were operated at 110 volts? Substituting the known values 
in equations (1) and (2) 
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and solving these equations for Zj and Z /2 it is found that 



0.41 ampere, and jL* = ,, , „ .. = 412 lumens. 

© 


The eflBlciency-voltage characteristic denved from the fimdamental 
relations of equations (1) and (2) is very commonly used and is given 
in the equation 



where Ei and are the lumens per watt values obtained at voltages 
Vx and V 2 respectively and ^ is an exponent which may be denved from 
the values of the t and k exponents of equations (1) and (2). 

Resistance Curves. — In comparing the characteristic curves of 
tungsten filament lamps with those of carbon lamps, a considerable 
difference is noted. The differences in electncal-resistance character- 
istics are most marked. Fig. 30 shows typical resistance curves for 
untreated carbon, treated carbon, metallized carbon (gem) and tungsten 
lamps The untreated and treated curves show decidedly negative 
temperature coeflSicients of resistance, whereas the metaUized carbon 
and the tungsten curves show decidedly positive temperature coeffi- 
cients. The ratio of hot to cold resistance is approximately 0 65 for 
untreated carbon, 0 50 for treated carbon, 1 43 for metalhzed carbon 
and 13 0 for tungsten The effect of these differences is very noticeable 
in the operation of the different lamps With untreated and treated 
carbon lamps, the imtial current when full voltage is applied is less than 
normal, whereas with the tungsten filament lamp it is many tunes the 
normal value It is commonly known that a tungsten lamp comes up 
to full bnUiancy much quicker than the carbon lamp of equal wattage. 
The reason for this is that the mitial rate of energy mput is greater for 
the tungsten lamp The overshootmg of current m tungsten lamps is 
ordmarily of such short duration that the fuses in the circuit do not fail 
even though their contmuous ratmg is greatly exceeded. 

Overshooting in Candlepower. — The impression has prevailed 
among a good many people that the tungsten lamp overshoots in candle- 
power. Accurate observations mdicate that there is no such over- 
shooting in the ordmary vacuum lamp and that the apparent mo- 
mentary increase in the filament brightness is an optical illusion A 
consideration of the instantaneous values of current and voltage show 
that it is not possible in this lamp to heat the filament above its 
normal temperature As the filament comes up to temperature, the 
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filament resistance increases and cuts down the current so that when 
the filament reaches its normal temperature the wattage input is also 
normal, 

200 1 — 
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Fia 30. Resistance Characteristics of Incandescent Lamps 

There are some special conditions which make it possible to get an 
overshooting m candlepower. For instance, a lamp which operates 
normally with a relatively high voltage drop m the leads m proportion 
to the voltage on the filament may produce such a condition because of 
the slowness with which the leads come up to their operating tempera- 
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ture. When the lamp is cold, the voltage drop in the leads is small 
on account of the relatively low resistance of the leads. On throwing 
the lamp in circuit, the filament heats up more rapidly than the leads 
and consequently a greater proportion of the voltage is impressed on 
the filament than is normal. In the gas-filled lamp, the gas within the 
bulb normally operates at a pressure considerably higher than the 
pressure at room temperature. The gas and the parts in the lamp heat 
up much more slowly than the filament, therefore, the filament has 
an opportumty to burn m a gas at much lower pressure than it does 
under the steady burning condition and may produce an overshooting 
in filament temperature. When the parts of a lamp are cold, more heat 
is conducted away from the filament at the points of support and may 
result in overheating the uncooled portions. 

Ejffect of Line-voltage Fluctuations. — The tungsten lamp is IdSs 
affected by poor hne-voltage regulation than the carbon lamp, because 
a given change in voltage makes less change in the wattage input of 
the tungsten lamp. As has been mentioned previously, the tungsten 
filament resistance mcreases with mcreased apphed voltage, whereas 
the resistance of the carbon filament is almost constant in the operating 
range. An mcrease of 10 per cent in volts would cause an mcrease of 
16 per cent in watts for the tungsten lamp as compared with a 21 per 
cent increase in watts for the carbon lamp. At 50 per cent volts the 
tungsten lamp would take 33 per cent watts as compared with 24 per 
cent for the carbon lamp. Thus at low voltages the tungsten lamp 
gives appreciably more hght than the carbon 

Flicker. — A large percentage of the incandescent lamps in use are 
burned on 60-cycle alternating-current circuits. There are locahties, 
such as the Niagara Falls district, however, where 25-cycle current 
predominates It is general experience that the lower-wattage tungsten 
lamps show flicker on 25-cycle circuits. 

The filament of the 25-watt tungsten lamp is about 0 001 inch in 
diameter and its heat capacity is very small Measurements of the 
instantaneous candlepower for the 25-watt lamp on 25-cycle current 
show a variation in candlepower of 30 per cent above and below the 
average This variation is sufficient to cause visible flicker under 
ordinary conditions of illumination. Flicker is much more noticeable 
at low intensities. Carbon lamps show much less flicker than tungsten 
lamps of the same candlepower, because the filament is larger in the 
carbon lamp of corresponding candlepower. None of the ordinary 
lamps show visible flicker on 60-cycle current 

The rapid cooling and the quick heating of small tungsten filament 
lamps make them especially suited for flashing signs. Dunng the 
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recent war, special lamps were designed for sending Morse code signals. 
The highest-speed lamp for this service was found to be a lamp with a 
very thm tungsten-ribbon filament operated m a hydrogen atmosphere. 
Hydrogen has the highest heat conductivity of any of the gases. 

Reduction in Rate of Vaporization. — That the introduction of a 
{Chemically inert gas into an incandescent lamp reduces the rate of 
Vaporization of the filament is easily shown. The operation of two 
tungsten lamps which are identical in construction except that one is 
a vacuum lamp and the other a gas-filled lamp at the same very high 
temperature gives convincing visual proof A few minutes of opera- 
tion at a rightly chosen temperature will cause considerable blackening 
of the bulb of the vacuum lamp without appreciable blackening of the 
other. It is as though the vaporization of die filament, which consists 
of the escaping of the filament material atom by atom, were hindered 
in the gas-filled lamp by the surrounding gas, in that the escaping 
atoms, before bemg well freed from the filament, or more precisely from 
the thin enclosing layer of saturated vapor of the filament matenal, 
were to a large extent driven back by the bombardment of the surround- 
ing gaseous molecules. In consequence of this, the filament for a given 
rate of vaporization or hfe may be operated at a much higher tempera- 
ture in the gas than in vacuo. This reduction in the rate for a given 
temperature for ordinary argon-filled lamps is of the order of 1.100. 
Thus, if the gas were removed from a gas-fiUed lamp and the filament 
stiU operated at the same high temperature, a life of about 10 hours 
instead of 1000 hours would be expected 

Gas Loss. — That a very appreciable gaseous conduction loss occurs 
in gas-filled lamps is also readily shown. The simplest test consists 
in touching cautiously with the finger the bulbs of hghted vacuum and 
gas-filled lamps of approximately the same wattage. The burning 
sensation likely to follow too long contact with the gas-filled lamp m 
contrast to that of moderate coolness for the vacuum lamp is first-hand 
I evidence that energy is conveyed from the filament to the bulb in the 
, gas-filled lamp by a method entirely absent or of little effect in the 
vacuum lamp. 

A second test for gas loss, which is of a visual character, 3 delds equally 
striking evidence Two lamps, differing only m that one is gas-filled 
while the other is evacuated, lighted up by means of the same current, 
show a considerable difference in filament brightness, the filament in 
vacuo being the brighter The reduced brightness of the gas-filled 
lamp is a result of the added method of disposing of the energy supphed 
The contrast becomes more and more noticeable as the current through 
the lamps is reduced. If another similar pair of lamps with a veiy 
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different sized filament be similarly operated, it will also be evident 
visually that the smaller the filament, the greater is the gas loss measured 
in per cent of the total input of the lamps. 

This dependence of gas loss on filament size is shown in Fig. 31. 
The plot shows, for instance, that a straight 5 mil (0.005 mch) tungsten 
filament at 2445° K , operated successively in vacuo and in nitrogen at 
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Fig 31 Diagram Showmg the Effects of the Gas Conduction and Convection 
Losses m Gas-filled Tungsten Lamps on their Efficiencies when Operated at 
2445° K (the unprimed letters) and at 2885° K (primed letters) m Nitrogen 
(o, a'), Argon (5, 6') and Mercury Vapor (c, c'), All at Atmosphenc Pressure, 
as Compared with their Operation in Vacua (d, df) 

atmospheric pressure, gives efficiencies of 10 and 4 9 lumens per watt 
respectively In order that the temperature and consequently the lu- 
minous flux shall be the same, the wattages supplied must be in the ratio 

of 1 to ^ or of 1 to 2 04 In the nitrogen-filled lamp, the energy carried 

away by conduction and convection is shghtly greater than that which 
is radiated. For a 50 mil (0.060 inch) filament under the same condi- 
tions the corresponding supply wattages vary as 1 to 1 18. The watt- 
age loss due to gaseous conduction is only 18 per cent of the wattage 
needed for mamtaimng the radiation. In per cent, the gas loss for the 
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smaller filament is about 5 6 times that for the larger filament. 
Similar effects are to be noted in connection with argon and mercury 
vapor. 

The differences in the percentage gas losses for different sized fila- 
ments are connected with the divergences m the stream paths of the 
heat conducted away Consider two cylindrical filaments, respectively 
1 mm. and 1 cm. in diameter The stream paths for pure heat conduc- 
tion, the main method by which heat energy is removed from the 
immediate neighborhoods of the filaments, are prolonged radii of the 
filaments. Relatively, they diverge rapidly from one another near the 
small filament and slowly near the large filament. The rates are as 10 
to 1 per mm. of stream path. In a simple way, it may be said that each 
unit of heat energy conducted away from the small filament has a much 
larger space in which to be disposed of than has each umt from the large 
filament. From each element of surface of the smaller filament, heat 
is conducted away more rapidly than from an equal element of surface 
of the larger filament, and thus the percentage gas loss for the smaller 
filament is the greater 

j An obvious way of reducing these losses, when the small filaments 
[of common commercial lamps are used, is to form them into helix- 
jshaped coils. Thus, m the commercial 75-watt, 110-volt, argon-filled 
lamp, where a 2.2-mil filament is formed into a coil with an 11-mil ex- 
ternal diameter, the percentage gas loss as a first approximation is 
reduced by the coiling from that correspondmg to a straight 2.2-niil 
filament in argon to that correspondmg to a straight 11-mil filament in 
argon. At 2885° K , as shown by Fig 31, the gas loss is thereby re- 
duced from about 45 per cent to about 20 per cent of the input. There 
is a correspondmg but not equal gain m efficiency. In effect, without 
greatly changing the size of a filament or of the current and voltage 
req.uired for a lamp of given wattage, the gas loss is materially reduced. 
It might be expected that m practice the coil diameters could be made 
larger than they actually are and the gas loss still further reduced. 
Rigidity considerations, however, impose a limit from this pomt of view. 

With increase m operating temperature, there is an increase in 
absolute amount both m the wattage necessary to maintain the radia- 
tion and in that necessary to offset the gas-conduction loss However, 
that portion which maintains the radiation mcreases the more rapidly. 
In consequence the gas loss becomes relatively less important at the 
higher temperatures. Thus, for 5-mil and 50-mil filaments in nitrogen 
at 2885° K , accordmg to Fig 31, the gas losses are 66 per cent and 11 
per cent, respectively, of the radiation rates, while at 2445° K , they 
are instead 102 per cent and 18 per cent. 
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In any particular lamp, there is justification from the efficiency view- 
pomt for the use of gas-filled lamps only when the percentage of energy* 
lost by gaseous conduction is more than offset by the increased tempera- 
ture and consequent mcreased efficiency gained by the reduced rate of 
vaporization ^ 

Black-body Effect. — Gas-filled lamps are made with coiled filaments. 
Fig 32 is a photograph of an incandescent coiled filament. It wiH be 
noted that the outsides of the turns of the helix are not as bnght as the 
insides. Measurement with an optical pyrometer mdicates that the 
insides of the coils are from 50 per cent to 100 per 
cent brighter than the outsides. This difference cannot 
be accounted for by the difference in filament tempera- 
ture between the inside and the outside. It is due 
to the multiple refiection of the hght within the helix 
and is commonly characterized as the black-body effect. 

The light from the inside is slightly more yellow than 
that from the outside, owmg to this multiple reflection. 

This partially blackened radiation from the interior, 
for reasons illustrated in Fig 27, is less efficient than 
that from the surface 

The coilmg of the lamp filament, therefore, while 
limiting certam gas losses, has cut down the favorable 
selectivity of the unit as a whole Changes m coiling 
which lead to a reduction of blackemng are to some 
extent opposed to changes which lead to reduced gas 
losses Manufacturers naturally accept a compromise 
in their attempt to obtain the highest possible efficiency. 

Light Distribution. — The quantity of hght given off in different 
directions from the lamps depends upon the shape of the lamp filament, 
the shape of the bulb and the filament position in the bulb, and also 
on the character of the bulb surface. The reduction factor (see Chapter 
III) for the oval anchored carbon lamps averages about 0 82, for the 
straight-filament vacuum lamps, about 0 79, and for the coiled-filament 
gas-filled lamps from 0 75 to 1 00 The wide range in reduction factors 
obtained on gas-filled lamps shows the necessity of measurmg the total 
hght output rather than the mean horizontal candlepower as was the 
custom with vacuum lamps. 

Temperatures and Efficiencies. — The radiation process in gas-fiUed 
lamps IS the same as in vacuum lamps The mam and practically sole 
cause IS temperature, and the principal difference in the two cases is 
resolvable mto a difference m temperature. Whereas for vacuum 
lamps of the 115- volt class the temperature range is from about 2380° K., 
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to 2460® K, in gas-filled lamps of the same class the range is from about 
2660® K. to about 3100° K. 

The spectral energy curves of gas-filled lamps compared with those 
from vacuum lamps have their centers shifted more toward the shorter 
wave-lengths, and therefore have a greater portion in the visible part 
of the spectrum. The same shift depending on filament size occurs 
among the gas-filled lamps themselves. It is exactly the same kind of 
shift that occurs in black-body radiation with change in temperature 
and is here, as in that case, the cause for a large part of the eflficiency 
vairiations which occur. 

Eflficiency as a fimction of lamp wattage is shown in Fig. 33 for 
commercial lamps of the 115-volt class, for the vacuum and the gas- 
filled types. In each case, the operatmg condition is such as to give 
a hfe of 1000 hours The efficiencies of the gas-filled lamps are seen 
to extend over a considerably greater range than do those of the vacuum 
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Fig. 33 Rated Efficiency of Vacuum (A) and Gas-filled (B) Tungsten 
Lamps of the 116-volt Class as Functions of Lamp Wattage 


The reason for the lower wattage limit for gas-fillcd lamps of the 115- 
volt class as well as the practical upper hmit for vacuum lamps of the 
same class is shown in Fig. 33. 

Color of Radiation. — Just as with black-body radiation, an increase 
in temperature for tungsten causes a progressively greater and greater 
increase in lu min osity as one proceeds from the red end to the blue end 
of the spectrum and, as a whole, a less reddish or a more nearly white 
light. Though the gas-filled lamps represent a considerable approach 
to white light, they are stiU far from the standard of white-light sources, 
the sun. There is no hope of closely approachmg the sun in color with 
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an incandescent tungsten filament without interposing a screen which 
relatively transmits but little at the red end of the spectrum in com- 
parison with the blue end, as has been partially accomplished in the 
blue-bulb gas-filled lamp. 


Design 

The designer has at his disposal a large amount of experimental data 
and experience which gmde him in the selection of materials and m their 
fabrication and arrangement into a successful lamp. 

To produce the lamp best smted for a given service, the designer 
should know what the conditions of operation will be in that service, 
the voltage or current at which the lamp will be operated, the wattage 
desired, the hnutations, if any, as regard light source or lamp dimensions, 
and the hours of life which the service requires. 

Various classes of service justify the use of lamps designed to remain 
in service for quite different numbers of hours. For example, “ street- 
senes ” lamps may justify a life of 1350 hours, locomotive headlight 
lamps 600 hours, motion-picture lamps 100 hours, automobile lamps 
150 hours, flashhght lamps 9 hours, whereas the regular lamps used on 
central-station circuits are considered satisfactory if they average 1000 
hours. 

Filaments. — In general, the life of an incandescent filament lamp 
is dependent upon the opieratmg temperature of the filament- The 
higher the filament temperature, the higher will be the operating eflff- 
ciency and the shorter the life. Therefore, the number of hours of life 
fixes approximately the temperature at which the filament should 
operate. Knowing the amperes and volts of the lamp, one can select 
the correct diameter of filament wire and cut it to the proper length to 
meet these conditions in the finished lamp The filament dimensions 
may be computed from the equations 


(1) TF = M7« 

CWV 

(2) L = ^ 


where W is the weight of the filament wire per unit length, I is the 
amperes reqmred to heat the filament to a given temperature, V is the 
voltage to force the current, 7, through a length, L, of filament wire 
and M, n, and C, are constants which depend upon the physical proper- 
ties of the wire, its temperature, and its form in the lamp. Having 
once determined these constants for a given filament material and for 
a particular type of lamp, it is a simple matter to compute the proper 
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filament weight and length to produce a lamp of definite voltage anc 
current values. The development of drawn-wire tungsten has openec 
up many new applications for incandescent lamps The wire offen 
almost unlimited possibihties as regards the shape and size of the fila- 
ment and the resultant shape and size of the finished lamps. Some 
lamps have been made with bulbs | inch in diameter and I mch long 
and with a consumption of a fraction of one watt; others have beer 
made with bulbs 8 or 10 inches in diameter and with a consumption oi 
several thousand watts. The filament size and shape and position ir 
the bulb have an effect on the shape of light distnbution from the 
finished lamp. If the requirements to be met are fully known, it ie 
usually possible to produce a lamp to fit those requirements. In receni 
years an enormous amount of work has been done in the metallurgy 
of tungsten and the effect on vanous lamp characteristics of differences 
in crystal structure of filaments of tungsten. But this subject is toe 
involved to come withm the scope of this volume. 

The whole structure of the lamp is built up around the filament 
the other parts of the lamp are but servants that aid the filament in the 
fulfilment of its function as a Hght-producer The relation of these 
parts to the filament operation will be considered next 

Supports. — The tungsten fiGlament should be supported in such s 
manner that it is both electrically and thermally weU insulated and thai 



Fia 34 Special Vacuum Lamp with Sup- 
ports of Different Matenals and Sizes 


it will maintain its shape through- 
out life and not break undei 
normal service conditions. Since 
fine tungsten filaments are rathei 
fragile, the problem is a difficull 
one. 

lig. 34 is a photograph of t 
lighted filament mounted spe- 
cially to illustrate the coohng oj 
the filament at supports in z 
vacuum lamp. The terminals, c 
and 6, are 16-mil copper clompec 
to the ends of the filament; the 
supports, c, d and e, are 10-, 20- 
and 40-mil copper and the sup 
ports, /, Qj h and are 4-, 8- anc 


16-inil molybdenum. The length of filament that is cooled depends 


upon the size and the material of the supports and the size and tern 


perature of the filament. It will be noted that the filament m contaci 


with copper is cooled for a greater length than that m contact with 
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molybdenum of the same size. There is also a noticeable difference m 
the length cooled by different sizes of molybdenum supports. The 
cooling of the filament is much less m the case of the 2-mil support. 

In addition to low heat conductivity, the supports should have 
enough rigidity to hold the filament in shape and enough flexibility to 
take up most of the shock when the lamp is roughly handled. 

Lead Wires. — The lead wires connect the ends of the filament to 
the lamp base. A proper choice involves consideration of both their 
electrical and thermal conductivities as well as their mechanical proper- 
ties. It is desirable to keep the energy loss in the lead wires as low as 
is consistent with other features m lamp performance. The seal leads 
must make vacuum-tight joints with the glass. This limitation makes 
the seal the most important part of the lead wire. The materials to 
be used in leads, together with the dimensions of the parts', must be 
accurately specified to insure a successful lamp. 

Glass Parts. — A number of different glasses have been produced 
which have shghtly different qualities, and the designer must select the 
ones best suited for the requirements of the particular lamp he is design- 
ing, It is necessary to choose glass parts m any one lamp which will 
work together and not crack during the normal life of the lamp. 

The lamp must be so designed that the glass parts will not exceed 
their safe operating temperature. The safe operatmg temperature may 
be far below the softemng temperature of the glass. 



Fia. 36 Glass Stems from Gas-filled Lamps, Cracked as a Result 
of Electrolysis. 


Figure 35 illustrates the effect of electrolysis in lamp stems. These 
stems were taken from lamps operated on direct current. The tem- 
perature of the glass was high enough to reduce the electncal resistance 
of the glass to the danger point. The glass gradually decomposed and 
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cracks developed which resulted in lamp failures due to admitting an 
into the bulbs. 

The limit of bulb size in vacuum tungsten lamps is not usually the 
softening point of the glass. As the lamp progresses in life, the bulb 
gradually darkens, owing to the deposit formed on the bulb by the 
tungsten metal evaporated from the filament. The smaller the bulb, 
the denser will be this black coating and the poorer will be the lumen 
maintenance of the lamp. In practice, the designer chooses a bulb 
size that will give satisfactory candlepower maintenance from the 
standpoint of bulb darkening 

Bulb shapes in vacuum lamps are usually chosen for mechanical 
convenience in the manufacture of the lamps. The straight-sided bulb 
is the most common. Round- and tubular-bulb lamps are usually 
produced to meet some special reqmrement and are more difficult to 
make than the straight-sided bulb lamps. In vacuum lamps, the bulb 
darkemng is distributed quite uniformly over the bulb surface; but in 
gas-filled lamps, the darkening on the bulbs is localized on account of 
the circulation of gas within the bulb Smce the shape of the bulbs in 
gas-filled lamps affects the distribution of the blackening, the designer 
is given an additional means of controllmg the quality of lamps. 

In gas-filled lamps, the bulb size is frequently limited by the softening 
of the glass. The hot gases heat the bulb locally and may blow a hole 
in it if the softemng temperature is reached Bulb sizes are in general 
much smaller for gas-filled lamps than for vacuum lamps of the same 
wattage, owing to the lower rate of filament evaporation in the gas- 
fiUed lamps. This has made possible the manufacture of lamps of 
much higher wattage than was feasible before the gas-filled lamp was 
developed. 

Heat deflectors, consistmg of mica disks, are often used in gas-filled 
lamps to protect the stem seal and the glass parts, fonrnmg the frame- 
work for supporting the filament, from the hot gases which would 
otherwise strike them. 

Choice of Gas. — The necessity that the gas m which a tungsten 
filament is immersed shall not attack it chemically has thus far limited 
the gases seriously considered to nitrogen, argon and mercury vapor. 
Theory and experiment show that the gas conduction losses in different 
gases are proportional to the mobilities of the molecules, that is, to 
their velocities. Since the velocities which gaseous molecules possess 
at a given temperature are inversely proportional to the square roots of 
their atomic weights, one would expect that for these gases the order of 
preference would be mercury vapor, argon and nitrogen, their molecu- 
lar weights being 200, 39 8 and 28 0 This is in accord with Fig 31. 
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Theory and experiment show a change in the rate of vaporization of 
a filament with change in the umnersmg gas. The experimental 
result appears as a change in life for operation at some fixed tempera- 
ture. Thus the Me of a tungsten filament m nitrogen is only 80 per 
cent of what it is in argon In other words, the rate of vaporization in 
argon is about 80 per cent of the rate m nitrogen. The heavier, slow- 
moving argon atoms offer the greater resistance to the diffusion of the 
tungsten atoms away from the thm layer of saturated tungsten vapor 
next to the hot fiOiament. For the same average Me, an argon atmos- 
phere permits of a higher filament temperature and consequently also 
a greater luminous efficiency 

Both gas loss and vaporization considerations mdicate mercury vapor 
to be the most desirable atmosphere Unfortimately, the pressure of 
mercury vapor that is necessary in a gas-filled lamp with the filament 
heated is very much greater than its vapor tension at ordinary tempera^ 
tures. Consequently, in such a lamp, most of the mercury is in liquid 
form when the lamp is not hghted The time lag in vaporizmg the 
liquid mercury when the lamp is lighted has such deleterious conse- 
quences, however, that the value of its other inherent advantages is 
minimized. Argon, the next most favorable gas from gas-loss and 
vaporization considerations, does not suffer from this disadvantage. 
It has in consequence been chosen for the atmosphere in gas-fiUed 
lamps. Commercial argon contains about 20 per cent nitrogen. Due 
to the low arcmg potential of argon, some admixture of nitrogen seems 
necessary. 

If a 100-watt vacuum construction lamp were filled with gas and 
burned base up, the upper portion of the filament would operate at a 
much higher temperature than the lower. A different mount design 
is required for the gas-fiUed lamp, to reduce the energy loss due to gas 
and to give a uniform filament temperature. This is accomplished by 
coihng the filament mto a helix 

Coiled fiGiaments have sometimes been used in vacuum lamps to 
secure greater filament concentration, but as a rule, the Me performance 
is inlierently poorer than for the straight-filament lamp, owing to the 
black-body effect obtained with the coiled filament. It is necessary 
to operate the coiled filament at a shghtly higher temperature to produce 
a lamp with the same operatmg efficiency. It is more difficult to pro- 
duce coiled filament lamps with uniform imtial ratings than is the case 
with straight-filament lamps. 

The design of lamps is by no means a cut-and-dried proposition. 
Much of the knowledge of materials, their preparation and use in lamps 
is still incomplete. Many of the changes in design suggested must be 
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thoroughly tested out before they can be made use of. It may happen 
that some seemingly insignificant change may produce a big effect and 
one entirely different from that expected. The question which the 
designer must continually face is “ How will the lamp perform under 
actual service conditions? ” He must submit the proposed lamps to 
tests which are even more severe than those likely to be met in practice. 

Tables of Characteristic Relations for Tungsten Vacuum 
Incandescent Lamps 

Explanation of Use of Tables. — The first step in the solution of every 
problem involving charactenstic equations is to determine from the 
observed values of voltage, candlepower, and w p.c. the corresponding 
values at normal eflB.ciency, which for these tables was chosen at 1.20 
w p.c. 

This IS done by reference to Table XXIII, in which observed w p.c. 
in steps of 0.1 and intermediate steps of 0 01 are given at the top and 
left margin, respectively In the body of the table under volts 
and “ cp.,” respectively, are given the corresponding percentage factors 
by which the observed voltage and observed candlepower, respectively, 
are to be multiphed to reduce them to normal values. Normal wattage 
is found by multiplying normal candlepower by 1 20 

For example, if the observed values are 110 volts, 25 candles, 1 35 
w.p.c., the corresponding normal values are found as follows Corre- 
sponding to 1.35 w.p.c , find 106,0 under volts and 123 3 under cp. 
Then, 110 X 1.060 = 116 6 volts, 25 X 1 233 = 30 82 candles, and 
30 82 X 1.20 = 36.98 watts, these being the normal values 

With these values known, read from one of the other three tables 
(viz , XIXIV-XXVI) values corresponding to any desired percentage 
value of any one of the variables given. 

The simplest problem is when values corresponding to a given voltage 
are required, because all three tables are arranged for voltage considered 
as the independent variable, and the other variables are given in the 
body of the table. 

For example, assuming the normal values just found, suppose values 
for candlepower, wattage and w p.c. corresponding to 125 volts are 
required. The voltage ratio = 125 — 116 6 = 107 2 per cent Corre- 
sponding to 107.2 per cent volts in Tables XXIV, XXV, and XXVI, 
find 128 1 per cent cp., Ill 63 per cent watts, and 1 045 actual w p c., 
respectively. The numerical values corresponding to the two per- 
centage values are found by multiplying each by the corresponding 
normal value as follows: 
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1.281 X 30 82 = 39 48 candles, and 1 1163 X 36 98 = 41 28 watts. 

Hence the corresponding values of aU the variables are 125.0 volts, 
39 48 candles, 41 28 watts and 1.045 w.p c. 

As a second problem, suppose that the values of voltage, wattage and 
w.p.c., corresponding to 20 candles, are required, the same normal 
values being assmned This candlepower value is 20 -5- 30.82 = 64.9 
per cent of normal. From 64.9 per cent cp. in the body of Table XXIV, 
find the corresponding voltage per cent at the top and margin — 
that IS, 88.0 + (2.14 -4- 2.67) = 88 8 per cent volts. With this value 
known, find 82.846 per cent watts in Table XXV and 1.532 actual 
w p.c. in Table XXVI. Multiplying percentage values by correspondmg 
normal values, 0.888 X 116 6 = 103.5 volts, and 0.82846 X 36.98 = 
30 64 watts. The variables are, therefore, 20 0 candles, 103.5 volts, 
30.64 watts and 1.532 w p c. 

In the same manner, values for all the variables corresponding to 
a given value of wattage or of w.p.c may be found also 

A third problem of importance to the testing laboratory involves 
the reduction of voltage, candlepower and wattage from observed values 
to values they would have at some given w.p.c. (For example, a w.p.c. 
at which the lamps are to be run on hfe test) The calculation of 
voltage is the one of most importance, the other variables being usually 
neglected in life-test calculations. 

Example. — Given 110 volts, 88 candles, 1.05 w.p.c.; required volts, 
candles and watts at 0 7 w p c 

Solution. — In Table XXIII, find at 1.05 w p.c. 93.49 per cent volts 
and 78.66 per cent candles, and at 0.7 w.p.c. 75.26 per cent volts and 
37.23 per cent candles. Then at 0.7 w.p c. 


,, 110X93.49 

76.26 

canc}les = ^^^23^^ = 

watts = 186.93 X 0 7 = 130.15. 


Reduction of Values to a w.p.c. Basis Other Than 1.20. — If some 
other w p.c. than 1 20 be chosen as normal, tables of values can be 
readily determined from these tables by any of the three following 
methods. 

(o) Suppose, for example, that 1 10 w.p.c. is chosen as normal. 
Correspondmg to 1 10 in Table XXVI, find 104 48 per cent volts. 
Corresponding to 104 48 per cent volts m Tables XXIV and XXV, find 
116 9 per cent cp. and 107.18 per cent watts, respectively. Therefore, 
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the values in the present tables corresponding to normal in the new 
tables are as follows: 104.48 per cent volts, 116.9 per cent cp., 107.18 
per cent watts, and 1.10 actual w.p c. 

Now, suppose, for example, that values at 115 0 per cent volts on 
the new basis are required. Voltage ratio is then 116.0 X 1.0448 = 
120.16 per cent. Corresponding to 120.16 per cent volts in Tables 
XXTV, XXV and XXVT, find 190 7 per cent cp., 133.66 per cent watts, 
and 0.8412 actual w p.c., respectively. 

Hence, corresponding to 115 0 per cent volts, the new tables: 

120 15 - 5 - 1.0448 = 116 0 per cent volts, 

190 7 4- 1.169 = 163.1 per cent candles, 

133.66 4- 1.0718 = 124.71 per cent watts, 
and 0.8412 = actual w p.c. 

In the same manner, values corresponding to other percentage values 
of voltage may be found, and a complete set of tables correspondmg to 
Tables XXIV, XXV and XXVI, on the new basis, may be constructed. 

Values for Table XXIII are obtained by dividmg the tabulated 
values of the factors designated volts by 0.9573 and those designated 
“ cp.^' by 0 8554, these being the values at 1 10 w p.c. For example, 
the tabulated values of ‘‘ volts and cp.^' at 1.00 w.p.c. in Table 
XXIII are 91.17 and 72.00, respectively. Values for the new table 
are then 

^ = 95.24 "volte” and ^ = 84.17 “cp” 

(6) Values corresponding to each point m Tables XXIV, XXV and 
XXVI need not necessarily be computed as given above. A simple 
method is to compute values at points, say, 6 or 10 per cent apart in 
voltage (for example, 80, 85, 90, 95, etc.) and take differences between 
the values obtained and those given in the tables. Then, with per cent 
volts as ordinates and differences as abscissas, a smooth curve may be 
drawn through the pomts found, and from it the difference at any per 
cent volts may be read. These differences added to the tabulated values 
give values for the new tables. 

Tables of Giaracterlstlc Relations 
TABLE XXIII 

Table of percentage multiplying factors for reducing observed values of voltage 
and observed values of candlepower at known w p c to values they would have 
at 1 20 w p 0 Voltage factors are indicated by “ Volts candlepower factors 
by “ Cp.'^ 
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Example: Given as observed values, 112 0 volts, 16 0 candles, 1 460 w.p o , to 
find volts and candles at 1 20 w p c 

Solution Corresponding to 1.460 w p o find 109 7, the voltage percentage mul- 
tiplier, and 139 9, the candlepower percentage multiplier The values corre- 
sponding to 1 20 w p.c are, therefore, 112 0X 1 097 = 122 86 volts, and 16.0 
X 1 399 = 22 38 candles 


0 70 0 80 0 90 

Oba 

wp 0 



Volta 

Dif 

Cp 

Dxf 

Volts 

Dif 

Cp 

Dll 

Volts 

Dif 

Cp 

Dif 

000 

76 26 

0 60 

37 23 

1 01 

81 01 

0 66 

47 79 

1 11 

80 20 

0 60 

60 40 

1 21 

01 

76 86 

50 

38 24 

1 02 

81 66 

64 

48 90 

1 13 

86 70 

50 

00 61 

1 23 

.02 

76 46 

60 

30 26 

1 08 

82 10 

64 

60 03 

1 18 

87 20 

50 

61 84 

1 23 

.08 

77 04 

58 

40 29 

1 04 

82 64 

53 

61 16 

1 15 

87 70 

40 

03 07 

1 26 

.04 

77 62 

68 

41 38 

1 05 

83 17 

53 

62 31 

1 16 

88 28 

40 

64 32 

1 26 

06 

78 20 

67 

42 38 

1 06 

83 70 

63 

63 47 

1 17 

88 77 

40 

66 67 

1 27 

06 

78 77 

67 

43 44 

1 07 

84 23 

52 

64 64 

1 17 

80 20 

48 

60 84 

1 27 

07 

70 34 

66 

44 61 

1 OO 

84 75 

52 

56 81 

1 10 

80 74 

48 

08 11 

1 20 

08 

70 00 

50 

45 60 

1 09 

86 27 

61 

67 00 

1 10 

00 22 

48 

60 40 

1 20 

09 

80 40 

55 

40 60 

1 10 

86 78 

61 

58 19 

1 21 

90 70 

47 

70 60 

1 31 

10 

81 01 


47 70 


80 20 


69 40 


01 17 


72 00 


Oba 


1 

00 



1 

10 



1 

20 


w p 0 













0 00 

91 17 

0 47 

72 00 

1 31 

06 78 

0 44 

85 54 

1 41 

100 0 

0 4 

100 0 

1 5 

01 

01 64 

47 

73 31 

1 82 

00 17 

43 

86 06 

1 41 

100 4 

4 

101 6 

1 5 

02 

02 11 

40 

74 63 

1 33 

00 60 

44 

88 36 

1 42 

100 8 

4 

103 0 

1 6 

03 

02 57 

40 

75 06 

1 35 

07 04 

43 

80 78 

1 44 

101 2 

4 

104 5 

1 6 

04 

03 03 

46 

77 31 

1 35 

07 47 

43 

01 22 

1 44 

101 6 

4 

106 0 

1 0 

06 

03 40 

45 

78 60 

1 36 

07 00 

42 

02 66 

1 46 

102 0 

4 

107 6 

1 6 

06 

03 04 

45 

80 02 

1 36 

98 32 

43 

04 11 

1 46 

102 4 

4 

100 1 

1 6 

07 

04 30 

45 

81 38 

1 38 

08 75 

42 

06 57 

1 47 

102 8 

4 

110 0 

1 6 

08 

04 84 

45 

82 76 

1 38 

09 17 

42 

07 04 

1 47 

103 2 

4 

112 2 

1 6 

00 

95 29 

44 

84 14 

1 40 

09 59 

41 

98 61 

1 49 

103 6 

4 

113 8 

1 6 

10 

95 73 


85 54 


100 00 


100 00 


104 0 


116 3 
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TABLE XXIII — CcmUnued 

1 30 1 40 1 50 


Oba 
w p 0 



Volta 

Dif 

Cp 

' Dif 

Volta 

Dif 

Cp 

Dif 

Volta 

Dif 

Cp 

Dif. 

000 

104 0 

0 4 

115 3 

1 6 

107 8 

0 4 

131 5 

1 6 

111 5 

0 3 

148 5 

1 7 

01 

104 4 

4 

116 0 

1 6 

108 2 

4 

133 1 

1 7 

111 8 

4 

150 2 

1 8 

02 

104 8 

4 

118 6 

1 6 

108 6 

4 

134 8 

1 7 

112 2 

3 

152 0 

1 7 

08 

105 2 

4 

120 1 

1 6 

loe 0 

3 

136 5 

1 7 

112 5 

4 

153 7 

1 8 

04 

105 6 

4 

121 7 

1 6 

100 3 

4 

138 2 

1 7 

112 0 

3 

165 5 

1 8 

05 

106 0 

4 

123 3 

1 0 

100 7 

8 

130 9 

1 7 

113 2 

4 

167 3 

1 8 

06 

106 4 

4 

124 0 

1 6 

no 0 

4 

141 6 

1 7 

113 6 

3 

160 1 

1 8 

07 

106 8 

3 

126 5 

1 7 

no 4 

4 

143 3 

1 7 

113 0 

4 

100 0 

1 8 

08 

107 1 

4 

128 2 

1 6 

no 8 

3 

145 0 

1 8 

114 3 

3 

102 7 

1 8 

00 

107 6 

8 

129 8 

1 7 

111 1 

4 

146 8 

1 7 

114 6 

4 

164 6 

1 8 

10 

107 8 


131 5 


111 5 


148 5 


115 0 


106 3 


Obs 

vpc 


1 00 



1 70 



1 80 


0 00 

115 0 

0 3 

160 3 

1 8 

118 3 

0 3 

184 8 

1 9 

121 4 

0 4 

204 1 

2 0 

01 

115 3 

3 

108 1 

1 8 

118 0 

3 

186 7 

1 0 

121 8 

3 

200 1 

1 0 

02 

115 6 

4 

160 9 

1 9 

118 9 

3 

188 6 

1 0 

122 1 

3 

208 0 

2 0 

08 

116 0 

3 

171 8 

1 8 

119 2 

4 

190 5 

1 0 

122 4 

3 

210 0 

2 0 

04 

116 3 

3 

173 6 

1 8 

119 0 

3 

192 4 

2 0 

122 7 

3 

212 0 

2 0 

05 

no 0 

4 

175 4 

1 0 

no 0 

3 

104 4 

1 0 

123 0 

3 

214 0 

2 0 

06 

117 0 

3 

177 8 

1 0 

120 2 

3 

106 3 

1 0 

123 3 

3 

216 0 

2 0 

07 

117 3 

a 

179 2 

1 8 

120 5 

3 

108 2 

2 0 

123 6 

3 

218 0 

2 0 

08 

117 8 

3 

181 0 

1 0 

120 8 

3 

200 2 

2 0 

123 0 

3 

220 0 

2 1 

00 

117 0 

4 

182 0 

1 0 

121 1 

3 

202 2 

1 0 

124 2 

3 

222 1 

2 0 

10 

118 3 


184 8 


121 4 


204 1 


124 6 


224 1 
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1 00 2 00 2 10 


Oba 
w p 0 



Volta 

Dif 

Cp 

Dif 

Volta 

Dif 

Cp 

Dif 

Volts 

Dif 

Cp 

Dif. 

0 00 

124 6 

0 3 

224 1 

2 1 

127 4 

0 3 

244 0 

2 1 

130 3 

0 3 

266 3 

2 2 

01 

124 8 

3 

226 2 

2 0 

127 7 

3 

247 0 

2 2 

130 0 

2 

268 5 

2 2 

02 

125 1 

8 

228 2 

2 1 

128 0 

8 

240 2 

2 1 

130 8 

3 

270 7 

2 2 

03 

125 4 

3 

230 3 

2 0 

128 3 

3 

261 8 

2 2 

131 1 

3 

272 0 

2 2 

04 

125 7 

8 

232 3 

2 1 

128 6 

8 

258 5 

2 1 

181 4 

2 

275 1 

2 3 

05 

126 0 

8 

284 4 

2 1 

128 9 

2 

255 6 

2 2 

131 0 

3 

277 4 

2 2 

06 

126 3 

3 

286 5 

2 1 

120 1 

3 

257 8 

2 1 

131 0 

3 

279 6 

2 2 

07 

126 6 

3 

238 0 

2 1 

12 4 

3 

259 0 

2 1 

182 2 

3 

281 8 

2 2 

08 

126 9 

3 

240 7 

2 1 

120 7 

3 

262 0 

2 2 

132 5 

2 

284 0 

2 2 

00 

127 2 

2 

242 8 

2 1 

130 0 

8 

264 2 

2 1 

182 7 

8 

286 2 

2 2 

10 

127 4 


244 0 


130 3 


266 3 


133 0 


288 4 


Oba 


2 20 



2 30 



2 40 


w p 0 













0 00 

133 0 

0 3 

288 4 

2 2 

136 7 

0 2 

311 1 

2 3 

138 3 

0 2 

334 6 

2 4 

01 

133 3 

3 

290 6 

2 3 

136 0 

3 

313 4 

2 4 

138 5 

3 

336 0 

2 4 

02 

133 0 

2 

202 0 

2 3 

186 2 

3 

315 8 

2 4 

138 8 

2 

33& 3 

2 4 

03 

133 8 

3 

206 2 

2 3 

130 6 

2 

318 2 

2 8 

130 0 

3 

341 7 

2 4 

04 

134 1 

3 

297 5 

2 3 

136 7 

8 

320 6 

2 3 

139 3 

2 

844 1 

2 4 

05 

134 4 

2 

200 8 

2 2 

137 0 

2 

322 8 

2 4 

130 5 

3 

346 5 

2 4 

06 

134 6 

3 

302 0 

2 3 

187 2 

8 

825 2 

2 3 

130 8 

2 

348 9 

2 4 

07 

134 0 

3 

304 3 

2 3 

137 6 

3 

327 5 

2 3 

140 0 

3 

361 8 

2 4 

08 

136 2 

2 

306 6 

2 3 

137 8 

2 

320 8 

2 4 

140 3 

2 

363 7 

2 4 

00 

135 4 

3 

308 0 

2 2 

138 0 

3 

S32 2 

2 3 

140 5 

3 

366 1 

2 4 

10 

136 7 


311 1 


138 3 


334 5 


140 8 


368 6 



I 
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TABLE XXIII — ConiiniLed 

2 60 2 60 2 70 

Obs 

w p 0 



Volts 

Dif 

Cp 

Dif 

Volta 

0 00 

140 8 

0 2 

368 6 

2 6 

143 2 

01 

141 0 

3 

361 0 

2 6 

143 4 

02 

141 S 

2 

363 6 

2 4 

143 7 

03 

141 6 

2 

366 0 

2 6 

143 0 

04 

141 7 

8 

368 4 

2 6 

144 1 

06 

142 0 

2 

370 0 

2 4 

144 4 

00 

142 2 

3 

373 3 

2 6 

144 6 

07 

142 5 

2 

376 8 

2 6 

144 0 

08 

142 7 

3 

378 3 

2 4 

146 1 

00 

143 0 

2 

380 7 

2 6 

146 3 

10 

143 2 


383 2 


145 6 

Oba I 

w p 0 


2 80 



0 00 

147 0 

0 2 

434 4 

2 6 

150 1 

01 

148 1 

2 

437 0 

2 6 

160 3 

02 

148 3 

8 

439 S 

2 7 

160 6 

03 

148 6 

2 

442 8 

2 6 

160 8 

04 

148 8 

2 

444 0 

2 7 

161 0 

06 

140 0 

2 

447 6 

2 0 

151 2 

06 

140 2 

2 

460 2 

2 6 

161 4 

07 

140 4 

3 

462 8 

2 7 

151 7 

08 

140 7 

2 

466 5 

2 6 

151 0 

09 

140 9 

2 

468 1 

2 7 

162 1 

.10 

160 1 


460 8 


162 3 


Dif Cp Dif Volta Dif Cp Dif 



383 2 


145 6 


408 5 


0 2 

386 7 

2 5 

146 8 

0 2 

411 1 

2 6 

3 

388 2 

2 5 

146 0 

2 

413 0 

2 5 

2 

300 8 

2 6 

146 3 

3 

416 2 

2 6 

2 

303 3 

2 6 

146 6 

2 

418 8 

2 0 

3 

306 8 

2 6 

140 7 

2 

421 4 

2 0 

2 

308 4 

2 6 

147 0 

3 

424 0 

2 0 

3 

400 9 

2 6 

147 2 

2 

426 0 

2 0 

2 

403 4 

2 5 

147 4 

2 

420 2 

2 6 

2 

406 0 

2 5 

147 0 

2 

431 8 

2 0 

3 

408 6 

2 6 

147 0 

3 

434 4 

2 0 

2 90 



3 00 



400 8 


152 3 


487 8 


0 2 

403 6 

2 7 

162 0 

0 3 

400 0 

2 8 

3 

406 2 

2 7 

152 8 

2 

403 3 

2 7 

2 

468 0 

2 7 

163 0 

2 

400 0 

2 7 

2 

471 0 

2 7 

163 2 

2 

408 8 

2 8 

2 

474 3 

2 7 

163 4 

2 

601 5 

2 7 

2 

477 0 

2 7 

153 6 

2 

604 3 

2 8 

3 

470 7 

2 7 

153 8 

2 

607 0 

2 7 

2 

482 4 

2 7 

154 0 

2 

600 8 

2 8 

2 

486 1 

2 7 

154 2 

2 

612 6 

2 8 

2 

487 8 

2 7 

164 4 

2 

515 4 

2 8 
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TABLE XXIII — Condvded 

3 10 3 20 

Obs 

wp 0. 

Volts Dif Cp Dif Volts Dif Cp Dif. 


0 00 
01 
03 

03 

04 

05 
00 

07 

08 

.00 

10 


154 4 
154 6 

154 8 
156 0 

155 3 

155 6 

156 7 

155 0 

156 1 
156 3 
166 5 


0 2 
2 
2 
3 
2 
2 
2 
2 
2 
2 


515 4 
518 1 
520 6 
623 7 
526 5 
520 3 
532 2 
635 0 
537 0 
540 7 
643 6 


2 7 
2 8 
2 8 
2 8 
2 8 
2 0 
2 8 
2 0 
2 8 
2 8 


156 5 
156 7 

156 0 

157 1 
157 3 
167 6 

157 8 

158 0 
158 2 
158 4 
158 6 


0 2 
2 
2 
2 
3 
2 
2 
2 
2 
2 


543 5 
546 3 
546 2 
552 0 
554 9 
557 8 
560 7 
663 5 
566 4 


2 8 
2 6 
2 8 
2 0 
2 0 

2 9 

3 8 
2 0 
2 0 


2 0 

572 2 
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TABLE XXIV 

Table for aetermmmg values of candlepower corresponding to observed values 
of voltage, when the values of both candlepower and voltage at 1 20 w p c are 
known All values m this table are expressed in per cent 

Example Given 125 0 volts and 34 0 candles, both at 1 20 w p c , to find candles 
at 100 0 volts 

Solution 100 0 volts = 80 per cent of 125 0 volts Corresponding to 80 per cent 
volts find in the table 43 96 per cent candles Therefore, candles at 126 0 volts 
= 43.96 per cent of 34 0 = 14 94 

Obs 60 70 80 00 


volts 

Cp 

Dif 

Cp 

Dif 

Cp 

Dif 

Cp 

Dif 

0 

14 34 

0 08 

26 35 

1 40 

43 05 

2 11 

68 18 

2 83 

1 

16 32 

1 03 

27 84 

1 55 

46 06 

2 18 

71 01 

2 00 

2 

10 30 

1 07 

20 30 

1 61 

48 24 

2 24 

73 01 

2 08 

3 

17 42 

1 12 

31 00 

1 66 

60 48 

2 31 

76 80 

3 05 

4 

18 34 

1 18 

32 66 

1 73 

52 70 

2 30 

70 04 

3 14 

6 

10 72 

1 22 

34 30 

1 70 

55 18 

2 45 

83 08 

3 22 

6 

20 04 

1 28 

36 18 

1 85 

57 63 

2 53 

80 30 

3 80 

7 

22 22 

1 33 

38 03 

1 01 

GO 16 

2 00 

80 60 

3 38 

8 

23 54 

1 38 

30 04 

1 07 

62 76 

2 07 

02 08 

3 47 

0 

24 02 

1 43 

41 01 

2 04 

65 43 

2 76 

06 45 

3 55 

10 

20 35 


43 05 


68 18 


100 00 


Obs 

100 


no 


120 


130 


volts 

Cp 

Dif 

Cp 

Dif 

Cp 

Dif 

Cp 

Dif 

0 

100 0 

3 6 

140 3 

4 5 

180 0 

6 5 

240 5 

6 5 

1 

103 e 

3 8 

144 8 

4 6 

195 4 

5 0 

266 0 

6 6 

2 

107 4 

3 8 

140 4 

4 8 

201 0 

6 7 

262 0 

0 8 

8 

111 2 

3 0 

154 2 

4 8 

200 7 

5 8 

200 4 


4 

115 1 

3 0 

150 0 

4 0 

212 5 

6 0 



6 

no 0 

4 1 

163 0 

6 0 

218 4 

6 0 



6 

123 1 

4 2 

168 0 

5 1 

224 4 

6 1 



7 

127 3 

4 2 

174 0 

5 2 

230 5 

6 2 



8 

131 5 

4 4 

170 2 

5 3 

236 7 

6 3 



0 

136 0 

44 

184 5 

5 4 

243 0 

6 5 



10 

140 3 


180 0 


240 6 






REDUCTION OF VALUES 


129 


TABLE XXV 

Table for determining values of wattage corresponding to observed values of 
voltage when the values of both wattage and voltage at 1 20 w.p c. are known. 
All values in this table are expressed m per cent 

Example Given 98 0 watts and 110 0 volts, both at 1 20 w p c , to find watts 
at 90 2 volts 

Solution 90 2 volts = 82 per cent of 110 0 volts Corresponding to 82 per 
cent, find in the table 73 007 per cent watts Therefore, watts at 90 2 volts 
«= 73 007 per cent of 98 0 = 71 66 watts 


Obs 


60 



70 


80 



90 


volts 

Watts 


Dif 

Watts 


D]f 

Watts 

Dif 

Watts 


Dif 

0 

44 400 


1 187 

56 772 


1 295 

70 200 

1 309 

84 628 


1406 

1 

45 603 


1 108 

68 067 


1 307 

71 590 

1 408 

86 128 


1 505 

2 

40 791 


1 200 

59 374 


1 317 

73 007 

1 410 

87 628 


1 514 

S 

48 000 


1 220 

60 691 


1 328 

74 426 

1 428 

80 142 


1 524 

4 

40 220 


1 231 

62 019 


1 338 

75 854 

1 438 

90 666 


1 538 

5 

50 451 


1 243 

63 357 


1 348 

77 202 

1 448 

02 100 


1 542 

6 

51 604 


1 253 

64 706 


1 360 

78 740 

1 458 

93 741 


1 551 

7 

62 947 


1 264 

66 064 


1 868 

80 198 

1 467 

05 292 


1 560 

8 

54 211 


1 275 

67 432 


1 870 

81 665 

1 477 

06 852 


1 570 

9 

55 486 


1 286 

68 811 


1 389 

83 142 

1 486 

98 422 


1 678 

10 

66 772 



70 200 



84 628 


100 000 



Obs 


100 



no 


120 



180 


volts 

Watts 


Dif 

Watts 


Dif 

Watts 

Dif 

Watts 


Dif 

0 

100 00 


1 60 

116 27 


1 68 

133 40 

1 76 

151 35 


1 84 

1 

101 50 


1 60 

117 95 


1 68 

136 16 

1 77 

158 19 


1 85 

2 

103 10 


1 60 

no 63 


1 69 

136 03 

1 77 

165 04 


1 85 

3 

104 79 


1 61 

121 32 


1 70 

138 70 

1 79 

166 89 



4 

106 40 


1 63 

123 02 


1 71 

140 40 

1 79 




6 

108 03 


1 63 

124 73 


1 72 

142 28 

1 80 




6 

100 06 


1 64 

120 45 


1 72 

144 08 

1 80 




7 

111 30 


1 66 

128 17 


1 74 

145 88 

1 82 




8 

112 05 


1 65 

120 91 


1 74 

147 70 

1 82 




0 

114 60 


1 07 

131 66 


1 76 

149 52 

1 83 




10 

116 27 



133 40 



151 35 
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TABLE XXVI 

Table for determining watts per candle corresponding to observed voltage when 
the latter is expressed in per cent of the voltage at 1 20 w p c 
Example : Given 116 0 volts at 1 20 w p c , to find watts per candle corresponding 
to 96 6 volts. 


Solution 

96 0 volts = 

84 0 per cent of 116 0 volts 

Corresponding to 84 per 

cent volts, 

find m the table 1 724, 

the w p C 

required 




Oba 

60 



70 


80 


00 


TOlta 

W p 0 

Dif 

Wpo 


Dif 

Wpo 

Dif 

Wpc 

Dil 

0 

3 716 

0 145 

2 686 


0 083 

1 010 

0 061 

1 490 

0 034 

1 

3 671 

136 

2 502 


078 

1 805 

049 

1 450 

038 

2 

3 435 

129 

2 424 


076 

1 816 

047 

1 423 

032 

8 

3 800 

121 

2 349 


071 

1 769 

046 

1 891 

030 

4 

3 185 

116 

2 278 


067 

1 724 

043 

1 361 

020 

6 

8 070 

108 

2 211 


065 

1 081 

041 

1 332 

028 

6 

2 963 

102 

2 146 


061 

1 640 

040 

1 804 

028 

7 

2 860 

097 

2 085 


050 

1 600 

038 

1 276 

020 

8 

2 763 

091 

2 026 


056 

1 562 

037 

1 260 

020 

0 

2 672 

087 

1 070 


054 

1 625 

036 

1 224 

024 

10 

2 585 


1 916 



1 490 


1 200 


Obfl 1 

100 



no 


120 


130 


volts 

W p 0 

Dif 

Wpo 


Dif 

Wpo 

Dif 

Wpo 

Dif 

0 

1 200 

0 024 

0 6045 


0 0172 

0 8431 

0 0130 

0 7280 

0 0008 

1 

1 170 

023 

0773 


0167 

8301 

0120 

7182 

0008 

2 

1 153 

022 

0606 


0163 

8175 

0122 

7084 

0005 

8 

1 181 

021 

0443 


0167 

8053 

0119 

6689 


4 

1 110 

021 

6286 


0163 

7034 

0116 



5 

1 086 

020 

9133 


0149 

7818 

0113 



6 

1 066 

020 

8084 


0144 

7705 

0110 



7 

1 040 

018 

8840 


0140 

7606 

0108 



8 

1 031 

019 

8700 


0136 

7487 

0105 



0 

1 013 

0176 

8664 


0183 

7382 

0102 



10 

0 6945 


8481 



7280 
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Vapor-tube Lamps 

[L J Buttolph] 

About 1850, Geissler began making the familiar gas-filled tubes 
known by his name, and in 1872, Sir William Crookes began his famous 
observations on the electric discharge through gases and through high 
vacua. 

The Geissler and Crookes tubes, however, never got beyond the size 
of the httle spectrum tubes so common to-day until, following closely 
after the lectures and striking demonstrations of Nicola Tesla in 1891, 
Dr D. McFarlan Moore began his well-known researches in the develop- 
ment of a practical gaseous conductor lamp. He tested a large number 
of designs and used in them all possible gases and a great many vapors. 
The ones most commercially successful have been the relatively low- 
voltage, long-tube, nitrogen or carbon-dioxide filled lamps. The former 
yielded yellow-orange tinted light, the latter, white. With the former, 
in the long tube where the potential drops at the electrodes were rela- 
tively a small part of the whole, efficiencies of 6 lumens per watt were 
attamable, with the latter, 2 lumens per watt. Previous to the use 
of tungsten filament lamps, they compared favorably m efficiency with 
the incandescent lamps m use. But with the attainment of efficiencies 
of the order of 10 lumens per watt in the tungsten lamp, they were 
doomed as commercial sources for general illumination. However, 
where accurate color matching of objects is of interest, the carbon- 
dioxide filled tube still finds a commercial application. For this kind 
of work, moderate-sized units have been developed. 

A gaseous pressure of the order of that due to 0^1 mm of mercury^ 
was found to give the most satisfactory results. In order to mamtain 
this pressure, an ingenious device was developed which automatically 
feeds carbon-dioxide into the tube when needed. It is, of course, 
necessary to use a transformer with the tube. The voltage necessary 
depends largely upon the length of the tube and is usually several 
thousand volts. The mechamcal difficulty of buildmg these tubes, 
some of them over a hundred feet in length, in limited them to 
certain fields of novelty hghting 

Neon Tube. — More recently, in 1911, there was developed the 
neon tube which works on the same principle as does the Moore tube. 
It has the advantage of a higher efficiency and of greater permanency 
of operatmg condition The gas does not disappear as rapidly with 
the continued use of the tube, probably because neon is one of the inert 
gases. Its great drawback lies in the cost of procurmg the neon. 
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Still more recently, particularly in certain European countries, 
fvhere higher-voltage circuits are more common than in the United 
States, 220-volt vacuum discharge tubes have attained considerable 
jse. Low candlepower neon-vapor lamps, as they are called, are being 
nade, however, for circmts with potential differences as low as 110 
j^olts altematmg current or 150 volts direct current. Since the maxi- 
num potential difference in an alternating current circmt determines 

the ability of the applied 
electromotive force in start- 
ing a discharge, it is seen 
that the basis for the two 
voltage ratmgs is the same. 
The wattage, candlepower 
and efficiencies for these 
lamps are all low. The 
orange-colored hght is quite 
pleasing to the eye It seems 
to have a field where only 
very small candlepower, small 
wattage sources are desired, 
and where decorative effects 
are an object, regardless of 
luminous efficiency obtamed. 

Mercury Vapor. — Geissler 
tubes containmg mercury 
vapor can be operated by 
an induction coil giving a 
high voltage and high fre- 
quency The resulting light 
is the famihar luminescence 
of mercury vapor. Closely 
related to this mercury 
Geissler tube is the mercury- 
vapor arc which gives the 
same characteristic lumines- 
cent hght but differs from 
a Geissler tube in its elec- 
rical characteristics since it operates at relatively low voltage. The 
elationship between the volt-ampere characteristics of a mercury 
jeissler tube and of a mercury-vapor arc is approximately as shown 
n Fig. 36 where AB represents the leakage between electrodes at high 
mltages, CE the ordinary Geissler discharge at several thousand volts, 



120 



120 

110 

P 


UO 

100 


100 

90 



90 

80 



80 

^70 




70 

*^60 . 

i 

f 

Arc U D 

1 

60 

60 ' 

A 

12346678 1 

1 

2 8 4 6 

60 


MiUi-amperes 


Amperes 


Fig 36 Volt-Ampere Characteristics of a 
Mercury Geissler Tube ajid a Mercury Vapor 
Arc 



STRUCTURE 


133 


and TJD an arc at low voltage To correct the falling voltage charac- 
benstics of the Geissler discharge and of the arc, ohmic resistance is 
connected in senes with the tubes. This resistance, 10 ohms for the 
arc, is represented by the slope of the hne PR. A resistance of the 
order of 10® ohms for a Geissler tube is mdicated by the slope of the 
Ime FH. 

The Cooper-Hewitt mercury-vapor lamp was first exhibited in 1901. 
Since that tune a great variety of designs have been tested out and the 
sizes have ranged from a few watts to 3000 watts. The present stand- 
ard lamps range in size from 200 watts to 1600 watts. The largest, 
some of them 6 feet long by 3 inches m diameter, are principally used in 
blue-pnnting machines. The standard tubes for mdustrial Ulumination 
have a luminous tube 1 mch in diameter and 50 mches long. As shown 
in Fig. 46 they consist of a tube of glass containing mercury, mercury 
vapor and wires sealed mto the ends of the tube and attached to a 
cathode electrode of metalhc mercury and a cup-shaped anode electrode 
of iron to conduct electricity to and from the current-carrying vapor. 
Before a further description of the mercury-vapor lamp is given, the 
physics of the vacuum-tube discharge, of which the former is a specific 
case, will be discussed. 


Physics of Vacuum-tube Discharge 

Structure. — A sunple form of vacuum-tube consists of a piece of 
glass tubmg with lead wires passing through its sealed ends to metal 
terminals considerably separated They are usually evacuated to 
pressures of the order of that due to a millimeter of mercury. The 
necessary voltages for startmg and maintaimng self-sustaining dis- 
charges are ordmarily obtained with transformers, induction coils, or 
any other source of high-voltage, alternatmg current or direct current. 
Discharges under suitable conditions, however, may be started and 
maintained on ordmaiy hghting circuits. 

The structure of a discharge depends upon various factors, e.g , the 
residual gas, its pressure, the electrodes, their separation, the type of 
discharge. Fig. 37 (a and b) shows characteristic appearances for 
self-sustaimng discharges. Beginning at the cathode, c, there are m 
order (1) a bright, thin, lummous layer, the cathode glow, (2) a moder- 
ate-sized Crooke dark space; (3) an extended, bright negative glow; 
(4) a broad Faraday dark space, (5) a luminous positive column; (6) 
a narrow dark space, and (7) a thin, luminous anode layer Layers 
(1), (2) and (3) are sometimes referred to as the three cathode layers, 
or merely as the cathode layer, Dependmg on conditions, the positive 
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column may be continuous or broken up into alternate dark and bright 
strisB. The boundaries of the luminous portions are relatively sharp 
on the cathode side and diffuse on the anode side. 

The dimensions of the different parts of a discharge vary with the 
nature of the gas, its pressure and the nature of the electrodes. Start- 
ing with a discharge such as is shown in Fig 37 (a), further decrease in 
pressure m the normal discharge (see page 136) results in approximately 
equal relative broademngs of the three cathode layers and of the Fara- 


a 



Fig. 37 Structure of SeHnauataming Vacuum-tube Discharges. 
a — Striated 6 — Unstnated 


day dark space, and in the spreadmg and snuffing out of the positive 
column at the anode. The variation in the normal discharge approxi- 
mately fits in with the assumption that between any characteristic 
surface in the discharge (e g., front edge of negative glow or front edge of 
positive colu mn .) and the cathode, the same fixed number of gas mole- 
cules are to be found. This process may be continued up to the point 
where the positive column (but not the anode glow), the Faraday dark 
space, and a considerable part of the negative glow are snuffed out, the 
anode being immersed in the latter. 

At higher pressures, the structure of a glow discharge is probably not 
essentially changed. At best, however, one is able only to discern three 
parts, the cathode layer, the Faraday dark space, and the positive 
column. 

Potential Distribution. — Potential gradients or field strength, in 
volts per centimeter, found in certain instances for striated and un- 
striated discharges hke those of Fig. 37 (a and 6), are shown in Figs. 
38 and 39. In the Crooke dark space, the potential gradient is very 
great. Toward the anode, it decreases rapidly, reaches a minimum 
just within the negative glow, rises again slowly in the Faraday dark 
space to the practically constant value of the unstriated positive column 
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or to the succession of shghtly different maxima and TniTiima of the 
striated positive column which, except for a small drop in potential 
just in front of the anode, reaches up to it practically imchanged. 
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Fig 38 Potential Gradient Variations m a Stnated Discharge. 
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Integration of the potential gradient curves with respect to distance 
along the path of the discharge gives directly the drop in potential ae 
a function of the distance from the anode or cathode. Thus Fig. 40, 
obtained by integration from Fig. 38, shows the potential variations in 
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Fig 39 Potential Gradient Vamations m an Unstnated Discharge 


a particular striated discharge over the cathode glow and the Crooke 
dark space. The potential drop, usually referred to as the ^^ode 
fall, amounts m this particular case to about 300 volts, the minimum 
value for hydrogen gas and a platinum electrode. Across this space of 
0.5 cm. or less, the potential drop is as great as across the r em a inin g 
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13.5 C3m. This means that the rate of dissipation of energy in this 
0 5 cm. of path is equal to that in the remaining 13.5 cm. ; in the present 
case, 0.176 watt (0 586 m.a X 300 volts) out of a total of 0 350 watt 
This great rate of dissipation of energy in a non-luminous region has an 
important bearmg in luminous eflSciency. 


600 



, I 

0 2 4 6 8 10 12 14 cms. 

Distance from Anode 

Fia 40.. Vanation m Potential with Distance m a Striated Vacuum 
Diflcsharge, Obtained by Integration from Fig 38 

Normal and Abnormal Discharge Conditions. — From the stand- 
point of the cathode fall of potential, vacuum-tube discharges are 
classified as normal and abnormal. The normal discharge is charac- 
terized by a cathode fall which remains constant with change m the 
discharge current. The potential drop is the minimum value for the 
given residual gas and cathode material. It is equal to the minimum 
sparking potential for the given gas and electrode material. Values for 
various combinations of atmosphere and electrode are given in Table 
XXVII. These miniTnnra sparking potentials are the smallest differ- 
ences of potential which under the most favorable conditions of pressure 
— the maximum pressure accompanying a discharge in which the 
anode is in contact with the sharp edge of the negative glow — are able 
to maintain self-sustaining discharges. 
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TABLE XXVII 

Minimitm Sparking Potentuls por Various Atmospheres and 
Electrode Materials 


Potentials in Volts for Electrodes of 

Atmosphere 



Pt 

Hg 

Ag 

Cu 

Fe 

Zn 

Al 

Mg 

Na 

K 

H 2 

300 


296 

280 

230 

213 

190 

168 

186 

172 

N 2 

232 

226 






207 

178 

170 

02 

369 







310 



He 

160 

142 

162 

177 

161 

143 

141 

125 

80 

69 

Air 

340 










A. 

167 






100 





From the standpoint of low cathode drops, Zn, Al, Mg, Na and K 
are to be preferred as cathode materials to the other metals named; 
and the inert gases, He and A, as residual gases to the others named. 
The above data are important m the desigmng of low-voltage vacuum- 
discharge tubes. 

The upper limiting value of current for the normal discharge occurs 
when the cathode glow just covers the cathode (excluding such parts 
of the cathode as are so close to the walls of the tube or to obstacles as 
to prevent the formation of the negative glow between them) For 
smaller currents, the cathode glow covers only a portion of the cathode. 
The actual area covered is conditioned, in any given mstance, on an 
approximately constant current density. This current density varies 
with the residual gas, its pressure, and the cathode material. Thus, 
for a pressure equal to that due to 1 mm. of Hg, the current density in 
nitrogen at a platmum cathode is 0 33 m.a. per sq cm.; in mtrogen at 
an aluminum cathode 0 47 m a. per sq. cm , in air at a platinum elec- 
trode 0 4 m a per sq cm. From the general relation that current 
density in the normal discharge varies directly as the pressure, other 
current densities are obtainable 

The abnormal discharge is characterized by a cathode fall which 
vanes with change m the discharge current The potential drop is 
always greater than the minimum sparking potential. The current 
density m the cathode glow is always greater than that occurring in 
the normal discharge — its minimum value. In any particular tube, 
the excess of the cathode drop over that in the normal discharge vanes 
inversely as the pressure and directly as the square root of the excess of 
the current density over the normal value. 
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The Conduction Process. — The mechflTiijm of gaseous conduction 
has been discussed in the section on Incandescence and Lumines- 
cence (Chapter I). As stated, it consists of the directed movement 
of positive ions toward the cathode and of negative ions toward the 
anode. When a negative ion from the discharge is driven against the 
anode, an electron enters the anode; when a positive ion comes in 
contact with the cathode, the ion receives an electron from the cathode 
and becomes a neutral molecule. There results the two-directional 
transportation in the gaseous atmosphere in conjunction with uni- 
directional transportation in the metallic circiut without the piling up 
of electrical charges 

It is possible for ions to become loaded with neutral atoms or mole- 
cules and thus become large aggregations. Such loading may occur in 
vacuum-tube discharges m certain regions; but, for the most part, 
results indicate that the negative ion is an electron and that the positive 
ion is a positive residue of an atom or a gaseous molecule minus an 
electron. 

In order that a discharge may be mamtamed, it is essential that there 
be some source of ions. These may be provided m several ways (1) 
The gas may be iomzed by an external agent such as X-rays from some 
outside source. (2) Electrons may be driven off from the cathode by 
exposure of it to ultra-violet light of certain frequencies; that is, by the 
photo-electric production of electrons. (3) The source may be the 
thermionic emission of electrons from a hot cathode. (4) The discharge, 
once started, may manufacture its own ions through ionization by 
impact of the electrically driven ions against neutral molecules. 

Self-fiustaimng discharges are limited to the methods of ion produc- 
tion described under (3) and (4). Method (3) is the case of the arc, 
which has been considered as a separate mam type of light source. 
Method (4) is the one involved in vacuum-tube discharges used as light 
sources. 

The Relative Ionizing Powers of Positive and Negative Ions. — Ion- 
ization by electron impacts has been discussed under Incandescence 
and Luminescence.^^ The process that takes place when the impacts are 
due to positive ions is probably similar. Quantitatively, however, 
there are great differences. The probable causes are the great differ- 
ences in mass and size. The mass of an electron is 9 01 X lO'^ gr., 
its diameter about 4 X 10“^ cm The mass of the hydrogen molecule, 
the smallest (except helium) and the lightest of all molecules, is 3 32 X 
10-24 effective diameter about 2 3 X 10”® cm. The ratio of 

masses is 1 3700, of diameters, about 1 to 6 X 10^ 

Now, if ionizing is a mechanical process, it is to be expected that not 
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only the energy dehvered by the impact but also the method of delivery 
will be important. The mean free path of the positive ion is less th^.n 
that of the electron. This, combmed with the apparent fact that the 
ion loses at the impact practically the whole of its directed velocity, 
means that on the average the positive ion does not attain between 
impacts the kinetic energy that the electron does. The force on the 
two being the same, the work done between impacts by the field setting 
them m motion is less for the larger positive ion because the distance 
is less. 

The relatively great difficulty experienced by the positive ions in 
reaching ionizing velocities and in delivermg impacts of an ionizing 
nature is responsible for the great cathode potential drop in ordinary 
vacuum discharges. Without that great drop, it seems impossible to 
obtain, frequently enough for self-maintenance of the discharge, the 
combinations of ionizmg velocities and ionizing types of impact. 

The Maintenance of a Self-Sustaining Discharge. — The main- 
tenance of a discharge requires the contmuous production of ions. In 
the seK-sustaining discharge, which is independent of any external 
source of ionization, ions must be formed at the cathode, for if electrons 
are not formed or hberated there, there will be no means of ionizing in 
the negative glow and no means provided for the carrying of the dis- 
charge current. The cathode will not emit electrons unless it is very 
hot or unless it is subjected to tremendously high field strengths. 
Therefore, the method of ion and electron production at the cathode 
must be one of iomzation Smce at the cathode the motions of the 
electrons are in the wrong directions for them to have attamed ionizing 
velocities, the ionizing that does occur at the cathode must result from 
the impacts of positive ions 

A large potential drop between cathode and negative glow is favor- 
able for ionization by positive ions leaving the negative glow. These 
positive ions after lomzmg atoms at the cathode together with the posi- 
tive ions there formed, which escape recombmation, at once receive 
electrons from the cathode and become neutral molecules or atoms. 
However, those electrons freed by the iomzation, which escape im- 
mediate recombmation, are forced away by the field toward the 
negative glow On their way certam impacts take place, resulting in 
further ionization, but owing to the strong field very little recombina- 
tion takes place until the region of low potential gradient m the negative 
glow IS reached, where conditions satisfactory for a great amoimt of 
iomzation and recombination of ions and the consequent glow are 
found. The mutual dependence of the ionizations in the negative glow 
and the cathode glow upon each other is mcely shown by the introduc- 
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tion of an obstacle in the Crooke dark space. The glow in the normal 
projections from this obstacle upon both the cathode glow and the 
negative glow disappears. 

The relatively low potential gradients between negative glow and 
anode are due to the fact that the electrons coming from the negative 
glow are not required to lomze the gas on the way to the anode m order 
that the discharge current may be earned That it does ionize the gas 
in the positive column is an mcidental factor which is fortunate from a 
hght-production standpoint 

The Vacuum Discharge as a Source of Light. — What has been said 
on the production of light foUowmg complete or incomplete iomzation 
m the section on “ Incandescence and Luminescence '' applies directly 
here The luminous regions of the discharge are regions m which there 
are, as a result of iomzation, copious supphes of ions for recombmation. 

Smee energy dissipated m the Crooke dark space is not directly 
productive of light, but rather of maintenance of discharge, luminous 
efficiency considerations indicate that the energy dissipated there should 
be reduced as far as possible. There are at least four methods of 
procedure along this line* (1) selection of a residual gas which is easily 
ionized; (2) selection of a cathode material which acts very favorably 
as a catalyst in the production of ions at the cathode, (3) selection of a 
cathode of sufficient size to permit of a low cathode fall when m opera- 
tion; and (4) selection of operatmg conditions with a large proportion 
of the total potential drop across the tube located in the positive column. 
Another important consideration from a different viewpoint is (5) the 
selection of a residual gas whose radiation falls largely within the de- 
sired portion of the visible spectrum. 

The hopes for a new hght source based upon the vacuum discharge 
will depend primarily upon the findmg of a gas or vapor which, when 
electrically excited in the discharge tube, wiU yield radiation falhng 
predommantly in the visual region, so as to produce high luminous 
efficiencies, or, if not predommantly so, in such manner as to produce 
desired color effects. As to the efficiency, the theoretical lunit seems 
to be approximately that of the maximum visibihty of radiation, viz., 
670 lumens per watt, j 

The Mercury-vapor Lamp 

Conduction Process. — A graphic picture of the electrical conditions 
in the arc column of the mercury-vapor lamp would show them to be 
qmte similar in some respects to the conditions of the vacuum-tube 
discharge, but different m other respects, the tube bemg filled during 
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operation with mercury molecules, mercury ions and electrons. These 
molecules, ions and electrons are moving with various characteristic 
velocities and in individual directions determined by their collisions 
with their fellows, according to the kinetic theory of gases. This 
commotion, characteristic of all gas molecules, is further complicated 
by the fact that a constant difference of potential of about volts 
per inch of arc length is maintained on the electrodes, and that because 
of the heat of the cathode and the impact of the electrons, ions and 
molecules on each other and on the electrodes, more electrons and ions 
are produced than are usually needed to carry the current. The effect 
of the electromotive force on this gas column is to produce the arc 
current, which may be considered as a continuous drift of electrons from 
the cathode to the anode and a relatively much slower movement of 
positive ions toward the cathode. The excess of ions and electrons 
produces the effect of a partial short circuit which has a continuous 
tendency to become more complete. The result is a periodic increase 
of current and fall of potential of a frequency determined by the capaci- 
tative and inductive reactance of the arc column and of the supply 
circuit. 

Color. — The whiteness of the mercury-vapor light is due to the 
combination of the nearly complementary hues of the yellow-green lines 
with the blue and violet hues The difference between such a subjective 
white and true white hght is apparent only when one exammes objects 
of colors other than those making up the subjective white, since, as has 
been said elsewhere, colored objects have their color by virtue of the 
colored hght they are able to reflect. 

On the basis that white hght is one-third each of red, green and blue, 
the mercury arc hght gives the effect of being 29 per cent red, 30 per 
cent green, and 41 per cent blue. Green and red produce the sensation 
of yellow; therefore, the mercury arc hght may be said to be 59 per 
cent yellow and 41 per cent blue, there being an excess of 1 per cent 
green and 12 per cent of blue light more than needed to produce the 
sensation of pure white. This excess of blue and green is apparent. 
The variation from whiteness in comparison with other commercial 
illummants and for sunhght is shown in Table XXVIII. 

In connection with modern high-efficiency hght sources, a question 
IS sometimes raised as to the amount of ultra-violet hght from the 
various sources and the possible pathological effects. In this connec- 
tion only the ultra-violet light transmitted by ordinary glasses, as 
indicated for crown glass in Fig 41, is to be considered. While this is 
the region of the maximum sensitivity of ordinary photographic plates 
as is also mdicated in Fig. 41, researches have shown that, regardless 
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5000 (perfect radiator) 


lamp 

c 

arc 

ascent lamp 

idesccnt lamp .... 

as mantle, i% cerium 
as mantle, t% cerium 
as mantle, li% cerium 
. . . . - • 
lioxide tube 


Sensation Value 


Red 

Green 

Blue 

33 3% 

33 3% 

33 3% 

26 8 

27 2 

46 0 

37 7 

37 3 

25 0 

50 9 

40 6 

8 5 

41 0 

36 3 

22 7 

29 0 

30 3 

40 7 

64 3 

39 5 

6 2 

61 1 

40 6 

5 4 

48 6 

40 8 

10 6 

48 3 

40 8 

10 9 

49 2 

40 7 

11 1 

42 5 

40 8 

16 7 

45 4 

42 0 

12 6 

47 2 

41 8 

11 0 

62 0 

37 5 

10 6 

31 3 

31 0 

37 7 
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of the source, the ultra-violet light transmitted by ordinary glass lamp 
bulbs or tubes has no appreciable pathological effect on the human 
eye. 

Operation 

Starting of a Discharge. — The startmg of a discharge in a vacuum- 
tube consists in the creation of a source of electrons within the tube. 
This may be brought about by outside ionizmg agents by heatmg the 
cathode or a part of it to incandescence, or by applying excess voltages 
to the discharge terminals and thereby giving the few scattered ions 
always found present (probably in consequence of penetrating radio- 
active rays) the necessary speeds for producing ions by collisions and 
establishing ultimately the mutually dependent luminous cathode and 
negative glows This latter method is the usual one It .requires 
temporarily a much higher voltage than the voltage which will maintain 
a discharge once started. 

To start the mercury-vapor lamp, it is only necessary to start and 
maintain the formation of electrons in a so-called “ hot spot ” on the 
surface of the mercury cathode Colhsions with mercury molecules 
immediately result in the formation of more electrons and ions than are 
needed to form a current, with results to be detailed later The tem- 
perature of this spot may be accounted for by the very small cross- 
section of the spot and the fact that some 18 watts of energy are con- 
verted into heat in this small area of hquid vapor intersurface, the 
cathode drop in potential being about 5 3 volts. There is a difference 
of opinion as to whether ionization at the cathode results from the 
direct emission of electrons from mercury vapor heated far above its 
boilmg point or whether it results from the impact of positive ions upon 
hot molecules. In either case the condition is easily produced by 
bringing the mercury cathode mto contact with the anode and then 
breaking the circuit thus formed, as with the ordinary carbon arc. This 
tilting method is now used to start the relatively small quartz-mercury 
lamps An alternative automatic starting method, standard for the 
glass lamps, consists in short-circuiting a small current through the 
arc-regulating inductance in series with the arc. This current is broken 
by a mercury switch or “ shifter ” magnetically operated by the^ in- 
ductance coil itself. The resulting induced high potential is sufficient 
to start a locahzed cathode discharge and the arc is formed A metalhc 
coating placed on the outside of the cathode end of the tube opposite 
the mercury cathode and connected to the positive side of the supply 
circuit, serves to increase the electrostatic capacity of the cathode and 
hence to give a greater current density to the induced high-potential 
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discharge when it is locahzed to form an arc. (See Pigs. 42 and 43 
for the arrangement of the circuits.) 

The heat of the cathode hot spot in an operatmg lamp is highly 
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Fig 42 Arrangement of Circmts for Direct-current Mercury Vapor Lamp 
and Detail of Auxiliary 


localized, so that in a glass mercury-vapor lamp the arc column tem- 
perature varies from some 500° C in the center to about 125° C at the 
surface of the tube. Therefore, the vapor pressure seldom nses above 
1 millimeter. There is a potential drop at the anode of about 5.7 volts, 


Staktinq of a discharge 14^ 

and the anode is so designed that its temperature is normally about 
350° C. 

When operated upon an alternating current, the filament temperature 
of an mcandescent lamp follows the fiuctuation of the current, produc- 



ing flicker of twice the current frequency. Because of the persistence 
of vision, this flicker is only noticeable on low-frequency circuits The 
nature of the work largely determines whether this flicker wiU be objec- 
tionable The multiple images and optical illusions, known as the 
stroboscopic effect when associated with periodic circular motion, are 
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most noticeable in connection with moderately high-speed machinery 
and hght sources of high mtrinsic brilhancy. In the alternating- 
current mercury-vapor lamp, the actual tube current is not altematmg 
but a pulsating direct current. Furthermore, the intrinsic brilliancy is 
very low and the hght source correspondingly large. Both of these 
properties permit the use of this lamp on 25-cycle circuits except under 
very unusual conditions. 


Characteristics 

The wattage of a lamp of a given size is limited by the heat-resisting 
quality of the glass used. Two types of lamps have, therefore, been 
developed, one of glass to operate at relatively low temperatures, and 
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Pig. 44 Volt-ampeie Starting ChaKLcteristioa of Standard Lamps. 


one of fused quartz to operate at relatively high temperatures The 
normal volt-ampere characteristic of a lamp is determined primarily 
as a very complex function of the mercury-vapor pressure and density 
and of the length and cross-section of the tube With the tube dimen- 
sions fixed, the vapor pressure is determined largely by the minimum 
temperature within the tube, while the vapor density varies according 
to the heat distribution, being in general a minimum along the central 
axis of the tube. In standard industrial units, the normal volt-amper- 
age is then finally determined through the tube temperature by a con- 
densing chamber in the form of a bulb on the cathode end of the lamp 
tube. A condition of complete equilibrium is reached when the light 
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and heat radiated and conducted from the tube equal the electrical 
energy mput. The effect on the tube characteristics of the tempera- 
ture rise durmg starting is shown m Fig. 44 , where the voltage and 
current are plotted as functions of time In the actual design of a lamp 
these several variables are so bal- 
anced as to give at once that cnt- 

ical vapor density at which the ^ ^ lao 

light-givmg eflBiciency is greatest ^. / 

and a volt-ampere characteristic 120 \ ' 120 

allowing maximum current regula- \' 

tion with a minimum sacrifice of 110 T 110 

wattage for that purpose. 

For transient vanations of the d 

current, this mverse variation of | 

voltage is charactenstic of the ^ 

mercury arc, a cathode phenom- / 

enon apparently, for the whole ^ ^ 

range of practical current values ^^70 

and arc temperatures. It is most > 

pronounced for low currents, but ^ ^ eo 

decreases rapidly with increase of 

normal current. For slow changes so ^ ^ 

of the current, this same volt- /y 

ampere relationship is character- 40 40 

istic up to a certain critical current 

value With further increase of ^ 

current from this point, the tube 

voltage passes through a minimum 

and then rises rapidly as shown in 

Fig 46 . For maximum hght eflS.- I 

ciency, the mercury-vapor lamp is I I 

operated at the point of mimmum 012 ^ ® 

tube voltage, where, if unre- Fig 45 Volt-ampere " Stationary ” 
stricted, the arc current will flue- CharacteriBtics Regulation, 

tuate over a wide range on con- 
stant voltage In order to operate this unstable and essentially constant- 
current device on supposedly constant-voltage power lines, two forms 
of regulation are necessary. The current is steadied by an inductance 
coil, connected in series with the arc and as directly as possible to the 
cathode, so as to oppose every transient action of the current by an 
instantaneous induced reaction The falling voltage characteristic of 
the arc as well as the voltage vanations of the hne are compensated by 
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Fig 45 Volt-ampere "Stationary’ 
CharacteriBtics Regulation. 
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an ohmic resistance in series with the inductance coil and the arc as 
shown in the wiring diagram, Fig 42 This resistance is so chosen that, 
for normal operation, with any increase of current, the decrease ill arc 
voltage will be less than the increase m resistance potential. In Fig. 
45, curve DOEUF is the volt-ampere charactenstic of a mercury arc 
showing inherent stabihty above and mstability below 4 amperes. 
Line PUOR represents the hne voltage minus the resistance voltage 
for various currents, or, in other words, the voltage available at any 
time for arc operation. Point U is, therefore, one of arc instability, 
since any current increase is accelerated by the resulting excess arc 
voltage. On the other hand, pomt 0 is one of stabihty, a current 
decrease being opposed by an excess of arc voltage and an increase bemg 
limited by the available arc voltage In this case, the regulating senes 
resistance is 11 ohms Curve CHOMj the volt-ampere charactenstic 
curve of the whole hghting unit, is the continuous sum of the resistance 
potentials BOR and the arc potentials. Point ff, therefore, represents 
the minimum maintenance current and voltage of the outfit for the 
amount of regulation used 

With continued use, it is found that the pressure due to the residual 
gases in discharge tubes gradually decreases This results finally in 
a condition in which, for both the starting and the maintenance, higher 
voltages are required. The molecules of the gas are driven upon the 
electrodes or the glass walls, where they adhere, or even, as tests show, 
into the glass or electrodes. Some of the gas may be recovered by 
heatmg the glass walls of the tube, and the tube therel^y may be par- 
tially rejuvenated This phenomenon is quite similar to that which 
occurs in vacuum tungsten lamps, where residual gases are also driven 
into the walls of the containing vessel 


The Altematmg-current Mercury Arc Lamp 

The alternating-current lamp is a highly specialized form of single- 
phase constant-voltage mercury-vapor rectifier As shown in Fig 46 
the construction is identical with that of the direct-current lamp except 
that there are two anode electrodes. The current in the lamp tube is a 
pulsating direct current of a frequency twice that of the alternating 
current, as is apparent from the oscillograph curves of Fig 47 The 
mercury arc is essentially an umdirectional conductor because it is 
dependent upon the existence of a so-called cathode “ hot spot ” which 
forms on the mercury electrode but not on the iron electrode. This 
can be formed and maintained at a low voltage, 5 3 volts at ordinary 
temperatures, only on mercury and certam of its alloys, and once formed 
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is itself only maintained by contmuons operation The cathode of 
the lamp is connected through mductance to the middle pomt of the 
secondary of an auto-transformer, while the anodes are connected 
to the terminals. Therefore, the cathode is contmuously negative with 
respect to one or the other anode during operation. The arc is started 
by an mduced voltage, the mercury electrode becommg the cathode for 
the reasons mdicated above Thereafter, the cathode fimctions as 
contmuously negative with respect to one or to the other anode Thus 
the two halves of the transformer secondary and the anodes connected 



Fig 46. Altematmg-current Mercury Vapor Lamp 

to them function alternately, the arc shiftmg from one to the other 
anode with the alternations of the supply current The series mduct- 
ance, m addition to steadymg the current for transient variations, has 
the more important function of sustaining the cathode spot and the arc 
current during the time of zero voltage, or, m other words, of causing 
the current to a given anode durmg a half cycle to lag its voltage and 
overlap the current to the other anode to such an extent that the result- 
ant arc current never falls below the minimum mamtenance value. 
Although the potential between the two anodes is obviously double that 
between the active anode and the cathode, there is httle or no leakage 
between them, since no cathode spot is formed on them under usual 
conditions. For an alternating current of a given frequency, the 
minimum sustaming inductance is definitely determined and this also 
fixes the maximum practical power factor of the outfit. 

Jr 
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Regulation, such as that provided by senes resistance in the case of 
the direct-current lamp, could obviously be provided by inductance 
or choke coils instead of ohmic resistance at a slight gain in eflBlciency, 
but with the disadvantage of low power factor, viz , 50 per cent 

Figure 47 shows some of the relations between voltage, current and 
time in various parts of the standard alternating-current lamp A, the 

primary voltage, is approximately a sme 
function as usual, but the current wave 
form, By is distorted by the reactance and 
the arc characteristic of the secondary circuit 
D IS the electromotive force between the 
arc cathode and the active anode, while H is 
the electromotive force during the succeed- 
mg hah cycle when the other anode becomes 
the active one C is the anode current cor- 
respondmg to voltage, D, while G is the 
current in the other anode during the 
succeedmg half cycle. E is the voltage 
drop in the anode resistance units dunng 
their current-carrying intervals. I represents 
the superimposed anode currents, while J 
IS the resulting rectified arc current. L 
shows the superimposed arc voltages and 
their mduced overlap which causes the 
anode current to overlap as in 7. Curve K 
showing the voltage drop in the direct- 
current reactance coils is of unusual in- 
terest The inductive reactance of the arc 
circuit and the arc characteristics causes the 
pulsatmg arc current to rise more slowly 
than it decreases The point of anode- 
current overlap also comes during the time 
of arc-current decrease The bearing of 
these facts upon the wave form of the direct-current reactance volt- 
age is evident from J and K, Thus points of zero voltage correspond 
to zero time rate of current change, maxima and minima of current, or 
to momentarily constant current; while the points of maximum volt- 
age come when the time rate of current change is a maximum. The 
effect of the overlap discontinuities of the aic current on the cor- 
responding induced voltage maximum is evident During Ihc period of 
current overlap, current flows to each anode, and there is during that 
time no potential difference between them, as shown by a prolonged 
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interval of zero voltage on the approximate sme curve of the voltage 
between the two anodes. The energy represented by this variation 
from the full sine curve form of the transformer secondary electromotive 
force is momentarily absorbed in the common coils of tibe transformer, 
which are constructed for high self-inductance against each other. 
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Fig 48 Current and Power Variations with Varying Voltage for the 
Direct Current Mercury Arc Lamp 

As is evident from B and J, Fig. 47, the tube current fluctuates over 
a much smaller range than does the usual alternating current This 
fact and the lower mtnnsic bnlhancy account for the success of the 
lamp for high-intensity illumination on alternating current of frequen- 
cies as low as 25 cycles. On the other hand, altematmg-current lamps 
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buflt for operation on frequencies as high as 133 cycles by modifica- 
as in the auto-transformer design. 

;)onstant-voltage power distribution is the rule, but variations from 
s-voltage ratings due to madequate power-station equipment, faulty 
jnbution systems, and occasional local overloads, are as umversaJ, 
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Fig 49 Current and Power Vanationa with Varying Voltage for the 
Alternating Current Mercury Arc Lamp 

srefore, the current, wattage, candlepower, efficiency and other 
{rating characteristics of most electric lighting units are best studied 
unctions of the apphed voltage and m terms of variation from normal 
{ration. 

The variations in current and energy with varying voltage are as 
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shown in Fig. 48 for the direct-current lamp as regulated for ordinary 
voltage variations from 110 volts. The lines would be slightly more 
curved for normal operation on higher voltage, straighter for lower 
voltage, depending upon the amount of regulating series resistance. 

The variations in current and energy with varying voltage are as 
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Fio 50 Candlepower Variation with Varying Voltage for Mercury Vapor Lamps 

shown in Fig 49 for the alternating-current lamp. In this lamp normal 
operation at vanous voltages is provided for by a choice of transformer 
taps The regulation of the outfit is, therefore, unchanged, and these 
curves are general in their application 
A comparison of Figs. 48 and 49 shows that the regulation of the 
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altematmg-current lamp is about two and a half tunes as great as that 
of the direct-current lamp. The greater curvatures of Fig. 49 show the 
effect of the positive temperature coefficient of resistance of the iron 
wire resistance unit used in the altematmg-current auxiliary. As is 
evident from Figs 45 and 49, the ohmic resistance of the iron wire 


n4 

m 


no 



80 

78 

88 90 92 94 96 98 100 102 104 lOG 108 110 m 

Per Cent of Normal Voltage 

Fig 51 Efficiency Variation with Varying Voltage for Mercury Vapor Lamps. 


mcreases with mcrease of current in contrast to the nearly constant 
resistance of the resistance unit used in the direct-current outfit, and 
hence the ratio of the current to the voltage, the apparent conductance 
of the outfit, decreases with an increase of energy input and vice versa. 
Obviously, too, the regulation is greater when the lamp is operating on 
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over-voltage since a relatively larger proportion of the energy is being 
absorbed m the series resistance units. 

Figure 50 shows the variations in candlepower with varying voltages. 
Here, again, the greater regulation on over-voltage, as well as the greater 
normal regulation of the alternating-current lamp, is apparent. Al- 
though of little practical importance, it is of interest to note that, aside 
from the matter of eflS.ciency, the direct-current lamp operates to the 
best advantage on over-voltage while the altematmg-current lamp has 
the advantage on under-voltage. 

Figure 61 shows the variations in efficiencies, measured in lumens per 
watt, with varying voltage, 
regulation in the alternat- 
ing-current lamp on under- 
voltage is apparent. 

The decrease m efficiency 
on over-voltage is a limita- 
tion placed by the auxiliary 
regulatmg devices and not 
necessarily a characteristic 
of the mercury arc itself, 
since approximately one- 
third of the energy used in 
the unit does not contribute 
to the production of hght. 

The candlepower data of 
Table XXIX were obtained 
by direct comparison with 
calibrated color filters to 
reduce the color difference 
on the comparison field. As the common form of mercury-vapor 
lamp IS distmctly a source of fimte area, and especially of finite length, 
the lamp is photometered at such a distance as to reduce this error 
to less than 1 per cent, while in calculating the mean spherical candle- 
power, the usual spherical reduction factor is used. The approximate 
distribution curve of a bare lamp, Fig. 52, is characteristic of any line 
source. 

Table XXIX is a tabulation of some of the characteristics of standard 

i 

types of mercury-vapor lamps The larger tubes are used in blue- 
pnnting machines rather than for lighting, and illumination data are, 
therefore, omitted These straight tubes are modified into speciahzed 
forms by variations in length and by bending the standard 50-inch tubes 
into U and M shapes for photographic enlarging outfits. 
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*■ Made also for alternating current Variations in length and shapes of above lamps provide some 
26 standard lamp tubes 


Nemst Lamp 

[A G Worthing! 

During the first decade of the present century, the Nernst filament 
lamp made considerable headway in the lighting field, but along with 
its high efficiency it possessed certam unsatisfactory features With 
the appearance of metal filament lamps possessing still higher operating 
efficiencies without the disadvantages, it quickly disappeared from the 
commercial field. Practically none are in use at the ])resent time out- 
side of the research laboratory However, the possibility of the future 
development of a high-efficiency lamp based on the same principle of 
construction and operation seems to be sufficient to justify some con- 
sideration of the lamp as it was made and used 

The Nemst glower, closely related to the incandescent gas mantle, 
and in fact suggested by it, differs from it pnncipfilly in the method of 
heating to incandescence The solid structure of rare (\irth oxides of 
the latter is heated with a gas flame while that of the former is heated 
electrically 

The filament of the Nemst lamp is a solid elcctiolyte composed 
principally of rare earth oxides, such as zirconui, yttria and tlioria It 
was usually shaped, for ordmary 110-volt service, into short rods about 
2 cm. long and about 1 mm in diameter Platinum wire, wiapped 
around the rods near the ends and covered with the filament material, 
served as current leads. For convenient operation certain accessory 
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mechanisms were necessary (1) The glower proper at room tempers 
tures IS non-conductmg and requires prelimmary external heating t 
make it conducting This was accomplished in the commercial unit bj 
mounting, near the glower, the heater coil which was automatically 
cut out of circuit when the current passed through the glower proper. 
(2) As with all electrolytes, the temperature coeflGicient of resistance of 
the Nemst filament is negative Furthermore, the coefficient is of such 
great magnitude that any mcrease in current through a filament is 
accompanied by a decrease in the potential drop over it For the 
operation of Nemst lamps on constant-voltage circuits it is necessary 
to use series ballast resistances, which, together with the glower, give 
an increase in potential drop over the whole for an increase in current 
through it In the commercial umt, a senes ballast containing a small 
iron wire in hydrogen was made use of. 

Among the disadvantages possessed by the unit were (1) the interval 
of several seconds between the startmg of the heater coil and the light- 
ing of the filament, (2) the existence of four fundamental parts to the 
unit, any accident to any one of which was sufficient to prevent the 
further operation of the unit, (3) the danger which accompames the use 
of any incandescent material, unenclosed, m interiors Due to the 
electrolytic destmction of the glower material at the electrodes and the 
evolution of oxygen, it was found impossible to operate the glower for 
any length of tune in a vacuum. It is probable that the glower might 
safely have been mounted m a bulb contaimng oxygen, but this was 
not done. 

The operating efficiency of the Nernst glower is somewhat better 
than that of the metallized graphite filament lamp, called the gem lamp. 
In color it is about the same as that of the early vacuum tungsten lamps; 
its color temperature is about 2400° K. It possesses a very high bright- 
ness, of the order of the present lower-wattage gas-filled tungsten 
lamps. Probably its tme temperature is not far from its color tem- 
perature. 

From the standpoint of hght production, certain oxides are very 
favorably selective in their radiation and some are very refractory and 
capable of withstanding very high temperatures. 

A combination of these two factors in some individual mixtures of 
oxides or nitrides or some other compounds, obtained after the manner 
of the Nemst glower, and capable of giving a luminous efficiency much 
beyond the present incandescent sources, is not beyond the bounds of 
probability. 
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The Firefly and Other Photogenic Organisms 

[A G WonTHiNa] 

The Firefly. — Ordinarily the production of light is associated with 
high temperatures or disruptive electrical discharges; but in hving 
organisms possessing ordinary temperatures there are sources of con- 
siderable magnitude. How light production is accomplished without 
any apparent injury to the organism is a question of great theoretical 
and practical interest. 

There are several kmds of fireflies which differ in habits and in en- 
durance, type and color of flashes and glows. Variously they are 
described as silvery white, bluish green, greenish yellow, reddish yellow 
and orange red. The luminous organs are generally located in two 
segments near the rear of the body on the under side. The purpose of 
these photogemc activities, it is generally agreed, is one of attraction for 
the opposite sex. It is also possible that the flashes serve to bhnd or 
frighten away enemies, and the tendency of the organisms to flash 
rapidly when touched would seem to be in accord with this view. 

Other Livmg Photogenic Organisms 

The firefly is not unique as a light-giving organism. Among animals 
there may be mentioned the centipedes of the Geophilidse family, the 
glow worm, the noctiluca (that which lights by night), the main source 
of phosphorescence of the summer seas, the deep-water fish of the 
ScopelidsB family which with their rows of brightly hghted eye-spots 
appear like miniature warships on a darkened sea, and the ostracod, 
Cypndina hilgendorfi^ a small marine animal found in abundance off the 
coast of Japan. The last-named organisms are readily obtained at 
night from fiish heads, on which they feed. In indication of their possible 
importance, one experimenter says, “ For the size of the animal, the 
light-giving substance is relatively enormous and its light-giving power 
incredibly great. Suffice it to say that one part of luminous gland 
substance in 1,600,000,000 parts of water will give visible light under 
proper conditions In higher concentrations the light is correspond- 
ingly stronger, plenty strong enough in fact to be used for illuminating 
purposes could a sufficient quantity of material be sjmthesized.” 

Among plants, there are various fungi, e.g , the Agancus molleus 
which is responsible for the phosphorescence of rotting wood, and vari- 
ous algse or primitive seaweeds 

Spectral Energy and Luminosity Distribution. — Spectral energy 
curves of firefly radiation have been obtained by means of a spectral 
photographic method. By first holding, for a suitable length of time 
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(1 to 6 hours), several flashing or glowing fireflies in succession in front 
of the slit of a spectrograph and allowing their radiation to fall on a 
photographic plate placed in the focal plane, and then by forming an 
image of an mcandescent carbon lamp filament on the same sht and 
similarly exposing, spectral photographic action curves, similar to the 
ones shown in Fig. 4, were obtained From the ratio of the photo- 
graphic actions at the same wave-lengths and the known spectral energy 
distribution of the 
radiation from the 
carbon filament, the 
spectral energy curve 
(Fig. 53) from the 
firefly radiation has 
been computed. 

The corresponding 
spectral luminosity 
curve (see also Fig. 

63), showing how the 
firefly’s radiation from 
the standpoint of vis- 
ual effects is distri- 
buted with respect to 
wave-length, was then 
easily obtained with 
the aid of the visibility 
curve. It is interest- 
ing to note how nearly 
the two curves comcide when plotted to tangency at the wave-length 
of maximum visibility. Careful measurements mdicated practically 
no infra-red or ultra-violet radiations. 

The total rate of emission of energy by a glowing Cuban firefly is 
about 1/100,000 watt, its candlepower is about 1/1600 candle. Other 
glowing fireflies have candlepowers of 1/250,000 to 1/50,000 candle. 
During flashing these values may increase ten- or twenty-fold 

Luminous Efficiency. — The efficiency of the PJwtinvs pyrdl'^ firefly 
expressed in per cent of the maximum at 0 556m is given by the ratio of 
the areas enclosed under the two curves of Fig. 53. It is about 89 per 
cent This in absolute umts 560 lumens per watt. Another 

species, Photuns Pennsylvamcus, gives 92 per cent of the maxm^ or 
600 lumens per watt It is interesting to compare the curves of Fig 53 
with the corresponding curves for tungsten at 2200° K as shoTO in 
Fig 3 and to contrast these efficiencies with 10 lumens per watt or 
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Fig. 63. The Spectral Energy Distnbution (un-cross- 
hatched) and the Spectral Luminosity Distribution 
(cross-hatched) of the Radiation from a Firefly 
{PhoUnus pyralia). 
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vacuum tungsten lamps, 20 lumens per watt for the more efl&cient gas- 
filled tungsten lamps and about 35 lumens per watt for the high-eflSciency 
flaming arc. 

It should not be forgotten, however, that in the preliminary steps, 
that is, m the formation of the photogenic compounds, the energy 
transformations may possibly be attended with considerable waste. 
Even granting this, there would seem to be great possibilities for con- 
servation of fuel in artificial hght production if it were possible to 
imitate the methods of these photogemc orgamsms 

Source of Radiation. — The mam source of radiation in the firefly and 
other photogenic organisms is oxidation In the firefly there are special 
air passages leading to the luminous organs. Oxygen brought in through 
these passages reacts with luciferin, one of the two substances secreted 
within the luminous organs The second substance secreted is called 
luciferase. It serves merely as a catalytic agent 

Given the materials, it is not di0S.cult to understand the source of 
the continuous glow. Flashmg, however, mvolves additional processes, 
perhaps an interrmttent supply of one or more of the materialB, or 
possibly an electrical discharge within the organism Whatever the 
process, it seems to be a serious dram on the energy supply of the or- 
ganism. Repeated flashmg, stimulated by the animal's attempt to 
escape captivity, often results m a short time in death. 

Future Possibilities. — The light-emission property of these photo- 
genic organisms is independent of the life of the organism The active 
material of fireflies may be dried, reduced to a powder, kept for a con- 
siderable time, and later mixed with water containing air in solution, 
whereupon the luminescent glow will reappear. Likewise, it has been 
found that the mixmg of one of the two secretions found in photogenic 
organisms with various other organic or inorganic materials, particu- 
larly blood, wdl produce characteristic glows, some bright, some dim. 
In the Cypndina hilgendorfij as stated, the light production is of such 
intensity as to be satisfactory for illuminating purposes. 

With these facts in mind, and considering the nature of advances 
in all hnes of research in the past, it would seem but a matter of time 
before the active matter of the secretions of these photogenic organisms 
will be completely isolated, the substances compounded synthetically in 
laboratories and supphed m quantity to consumers, who may, either by 
the admission to the compounded substances of air or oxygen alone, oi 
by its admission m the presence of an electrical discharge, obtain efl&- 
ciencies which are now only dreamed of Furthermore, by variations 
in the active substances corresponding to those occurring with various 
species of fireflies, or by selection of the containing vessels, the con- 
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sumer will obtam also, without greatly decreased efficiencies, 
aesthetic color effects which aU look forward to but cannot, from i 
practical point of view, always obtain. 


PROBLEMS ON LIGHT SOURCES 

1 The intensity of the sun’s radiation outside the earth’s atmosphere, on a mil 
face normal to the rays, is given as approximately 2 calories per sq. cm. i^er niiiint^ 
Plot curves showing (a) the rate at which energy is received per sq. cm. of ('iirth 
surface as a function of the tune of day, (5) the amount of energy already rcctuvt* 
durmg the day os a function of the time of day. Assume a twelve-hour day iu wliic 
the sun at noon is directly overhead 

2 ^Express with the aid of Table VII the lamp efficiencies of the candle, th 
kerosene, the coal-gas and the acetylene flame in lumens per watt. Gomparo witl 
10 lumens per watt for the vacuum tungsten lamp, 20 for the high-wattage gaK-fiHo 
tungsten, and 40 for certam of the flame arcs Make a comparison also, taking int 
account the efficiency of transformation mto electrical energy, of energy liberate 
as heat by bummg gas or coal 
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PHOTOMETRY 

[F E Cady] 

Definition. — Photometry is that branch of illuminating engineering 
which deals with the measurement of hght. It may be said to be the 
backgroimd without which the science and art of the subject would be 
an impossibihty. The measurement of the result produced by hght 
sources in rooms, halls, stores, factories, on the streets, and, in general, 
indoors and out-of-doors, has led to the development of methods of 
lighting and their application, and, where satisfactory results have been 
obtained, has permitted descriptions which in turn enable the results to 
be duplicated. 

Importance. — The importance of photometry has been recognized 
to such an extent that there are departments devoted to that subject m 
the great standardizmg bureaus of Germany, France, England and the 
United States. It was due to the efforts of the Department of Pho- 
tometry of the Bureau of Standards that standard specifications for the 
purchase of incandescent lamps were agreed upon and are now used m 
the purchase of miUions of lamps. The gas interests abroad organized, 
as far back as 1900, an International Photometric Commission to deal 
with problems relatmg to photometry. Subsequently, this Commission 
was reorganized to include electric hghting interests. 

Applications. — Photometry is used to determine the reflecting power 
of surfaces, such as painted walls, and the distributing power of shades 
placed around lamps In former days, photometry was used almost 
exclusively to determine the hght-giving power of sources, but it is 
now used in the measurement of the illumination produced by these 
sources, and also in the solution of experimental problems in physics 
and other sciences; m the study of the densities of photographic plates; 
and m optical pyrometry to measure high temperatures In other 
words, the field of application of photometry has broadened enormously 
and is still growing. 

The Eye. — Photometry deals with the measurement of the ability or 
the capacity of light to affect the eye. It is not concerned with the 
velocity of light or the pressure of hght or its action on plants or chemi- 
cals, except m so far as photometric principles or apparatus are used in 
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conjunction with the study of these characteristics. In aU photometric 
measurements, the eye is, then, the final arbiter. It is the fundamental 
photometric mstrument. However, the eye is extremely insensitive 
when it comes to making a direct judgment of the difference between 
the hght-giving power of two sources. Fortunately, the eye is very 
sensitive to shght differences in brightness of two contiguous lUiiminated 
surfaces, and, with suitable devices, very small differences can be 
detected. This enables a zero method to be employed and is responsible 
for the development of the subject When it comes to the question of 
measuring lights differing in color, a comphcation is introduced, due to 
the fact that, roughly speaking, the eye is not equally affected by the 
different colors of the spectrum Numerous efforts have been made to 
find suitable apparatus and methods to replace the eye, but the results 
obtained by the so-called physical ” photometers must always be 
standardized in terms of those obtained with the eye. 

Definitions. — The following discussion is based on the work of the 
Committee on Nomenclature and Standards of the United States 
Illmninatmg Engineermg Society ^ In photometry, the word light ” 
is used m two different ways, either to designate the visual sensation 
produced normally on the eye by radiant flux, or to denote the lumi- 
nous flux (q V.) which produces the sensation There are four funda- 
mental subjects or concepts associated with light ; i e , luminous flux, 
luminous intensity or candlepower, lUumination and bnghtness. Of 
these, lummous flux is taken as the basic concept, and candlepower, 
bnghtness, and illumination are defined m terms of it 

Lummous Flux 

The use of the word “ flux ” as applied to hght is of comparatively 
recent origin. “ Luminous flux ” was probably first suggested by 
Professor Blondel of Paris in 1894, and was given a definition by the 
International Congress of Electncians at Geneva, Switzerland, in 1896. 
The Illuminating Engineering Society of this country has been advoca- 
ting its adoption for some years and now most lamp manufacturers give 
their lamps a rating in lumens (the lumen is the unit of flux) instead of 
in candlepower 

The definition given at Paris in 1920 by the International Com- 
mission on Illumination is as follows “ Luminous flux (F) is the rate 
of flow of radiant energy evaluated with reference to visual sensation.” 
Someone has suggested as an hydraulic analogue the case of a hollow 
ball studded with small holes and connected to a supply of water under 
pressure The water would then stream out in aU directions permitted 
1 This Committee will be referred to as the I. E. S. Committee 
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by tlie holes. In the same way, electncal energy is transformed in a 
lamp filament to radiant energy which streams out in all directions, 
and that which is visible to the eye is called Imnmous flux One of the 
principal advantages of this concept is the fact that it facilitates com- 
parison of various sources on the basis of their light output or produc- 
tion, per umt of power input, and further makes possible a consideration 
of light in space wholly apart from the source producing it or any surface 
on which it might impmge 

Luminous flux is defined as a rate of flow of radiation (properly 
evaluated) and is analogous to power, which is a rate of doing work. 
But it is common practice to speak of power as transmitted and as 
coming from a source such as a motor, and, m a similar way, luminous 
flux is spoken of as being emitted, transmitted, or intercepted. In 
recognition of this use, the International Commission added the follow- 
ing note to the definition of lunomous flux* “ Although luminous flux 
must strictly be defined as above, it may be regarded for practical 
photometric needs as an entity, since the rate of flow may for such 
purposes be considered constant.” 

Candlepower 

If, in the case of any given source, the flux in all directions were 
equally distributed, it would not be necessary to introduce the term 
candlepower or luminous intensity. But there is no practical source 
where the distribution of flux in all directions is the same, and hence 
the need of some term, such as luminous intensity or candlepower, to 
indicate the solid angular density of the flux in o given direction. Thus, 
consider a luminous source, s, of small dimensions and a small solid 
angle having its origin at the source and its axis in a direction P (Fig. 
54 A) and mcluding a uniform flux distnbution. Suppose the solid 
angle to be 0 01 of a steradian and the flux to be 0 1 lumen Then the 
solid angular flux density, or flux per umt solid angle, would be 0.1 -t- 
0 01 or 10 candles m the direction P. A similar solid angle in a different 
direction might include 0.6 lumens and the flux density would then be 
50 candles. 

If the light source is partially surrounded by a surface which absorbs 
all the radiation falhng on it and reflects none of it as light, the candle- 
power in a direction through the opening is unchanged (Fig 54 B and 
C). Thus the candlepower m one direction does not tell much about 
the flux, but the average candlepower is a very unportant factor in 
flux measurement 

Candlepower then involves direction, and for a particular source 
shows its capacity for producing lummous flux in the given direction. 
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While it is conunon practice to speak of the candlepower of a source, 
what is meant is the candlepower in a specific direction or the average 
in a number of directions. 

Definition. — The defimtion given m the 1918 Report of the I. E. S. 
Com mi ttee is as follows Luminous intensity, 7, of a source of ligTit 
in a given direction is the solid angular density of the luminous flux 
emitted by the source in the direction considered when the flux in- 




Fig 64 The Candlepower m the Direction of the Photometer is Not Changed by 
Partially Surroundmg the Light Source with a Non-reflecting Surface 


volved acts as far as computation and measurements are concerned 
as if it came from a point; or it is the flux per unit solid angle from 

that source in the direction considered. 7 = 3 “"” 

UCjJ 

Mean Horizontal Candlepower. — Photometry deals with candle- 
power from three standpoints, the intensity in a smgle direction from 
the source; the average intensity in a honzontal plane normal to the 
axis of a source (generally a rotating source), called the mean honzontal 
candlepower; and the average intensity m all directions, called the 
mean spherical candlepower 

Note — Inasmuch qb the word “mtensity” is used bo frequently to indicate 
extent or quantity of other things, the term “candlepower” will, m general, be used 
throughout this book to mdicate luminous mtensity, and it is hoped thereby to avoid 
confusion 
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by tbe holes. In the same way, electrical energy is transformed in a 
lamp filament to radiant energy which streams out m all directions, 
and that which is visible to the eye is called luminous flux. One of the 
principal advantages of this concept is the fact that it facilitates com- 
parison of various sources on the basis of their hght output or produc- 
tion, per unit of power mput, and further makes possible a consideration 
of hght in space wholly apart from the source producing it or any surface 
on which it might impinge. 

Luminous flux is defined as a rate of flow of radiation (properly 
evaluated) and is analogous to power, which is a rate of doing work. 
But it is common practice to speak of power as transmitted and as 
coming from a source such as a motor, and, in a similar way, luminous 
flux IS spoken of as being emitted, transmitted, or intercepted. In 
recognition of this use, the International Commission added the follow- 
ing note to the definition of luminous flux “ Although luminous flux 
must strictly be defined as above, it may be regarded for practical 
photometric needs as an entily, since the rate of flow may for such 
purposes be considered constant.” 

Candlepower 

If, in the case of any given source, the flux m all directions were 
equally distributed, it would not be necessary to introduce the term 
candlepower or luminous intensity But there is no practical source 
where the distribution of flux in all directions is the same, and hence 
the need of some term, such as luminous intensity or candlepower, to 
indicate the sohd angular density of the flux in s given direction. Thus, 
consider a luminous source, s, of small dimensions and a small solid 
angle having its origin at the source and its axis in a direction P (Fig. 
54 A) and including a uniform flux distnbution. Suppose the solid 
angle to be 0 01 of a steradian and the flux to be 0.1 lumen. Then the 
sohd angular flux density, or flux per unit solid angle, would be 0 1 
0 01 or 10 candles in the direction P. A similar solid angle in a different 
direction might include 0 5 lumens and the flux density would then be 
60 candles. 

If the hght source is partially surrounded by a surface which absorbs 
aU the radiation falling on it and reflects none of it as light, the candle- 
power in a direction through the opening is unchanged (Fig. 54 B and 
C). Thus the candlepower in one direction does not teU much about 
the flux, but the average candlepower is a very important factor in 
flux measurement. 

Candlepower then involves direction, and for a particular source 
shows its capacity for producing luminous flux in the given direction. 
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While it is common practice to speak of the candlepower of a source, 
what is meant is the candlepower m a specific direction or the average 
in a number of directions. 

Definition. — The definition given in the 1918 Report of the I. E. S. 
Committee is as follows. “ Luminous intensity, 7, of a source of light 
in a given direction is the solid angular density of the luminous flux 
emitted by the source in the direction considered when the flux in- 
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volved acts as far as computation and measurements are concerned 
as if it came from a point; or it is the flux per unit sohd angle from 


that source in the direction considered. 
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Mean Horizontal Candlepower. — Photometry deals with candle- 
power from three standpoints* the intensity in a single direction from 
the source; the average intensity in a honzontal plane normal to the 
axis of a source (generally a rotating source) , called the mean honzontal 
candlepower; and the average intensity m all directions, called the 
mean spherical candlepower 


Note — Inasmuch as tho word ^‘mtensity” is used so frequently to mdicate 
extent or quantity of other thmgs, the term ^‘candlepower ” will, m general, be used 
throughout this book to mdicate luminous mtensity, and it is hoped thereby to avoid 
confusion. 
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The candlepower in a single direction is used in the case of stationaiy 
Dr non-rotating sources, such as flames, and in the case of incandescent 
amps when they are to be used in a stationary position. In the latter 
lase, the direction in which the candlepower is measured is sometimes 
ndicated by marks on the bulb. In the case of cyhndrical or comcal 
lames, the candlepower in all directions in a plane normal to the axis 
)f the flame is generally the same. When the candlepower of an 
ncandeSQent lamp is spoken of, it is the mean horizontal candlepower 
vhich IS referred to, unless otherwise defined. 

Mean Spherical Candlepower. — The mean spherical candlepower 
s the average of the luminous intensities in all directions throughout 
i sphere having the source at the center. Or, considering a source 
lavmg a uniform intensity in all directions, it is the candlepower which 
uch a source would have to have in order to produce the same flux as 
he source in question. The mean spherical candlepower can be de- 
ermined if the total flux is known, by dividmg the latter by 47r. 

Unit of Candlepower. — The unit of luminous intensity is the candle, 
nd the term candlepower is the luminous intensity expressed in 
andles. While flux, as was previously stated, is taken as the funda- 
aental photometric quantity and luminous mtensity is denved, the 
iindamental umt is that of luminous mtensity, the candle, and from a 
aeasurement of candlepower, values of flux and illumination are 
lerived by computation. 

The adoption of the term '' candle ” as the name of the umt of lumi- 
lous mtensity was perfectly natural, since at the time it was adopted, 
andles were the most rehable sources available as regards constancy 
nd reproducibihty. Considermg the uncertainties in a unit main- 
ained by standard candles, the American Institute of Electrical Engi- 
eers in 1897 recommended that the imit be based on the hefner lamp, 
nd in 1902 recommended that the value assigned to the unit should 

e of the hefner. This value was generally accepted for a number 
U oo 

f years. 

International Candle. — As the result of work done at the Bureau of 
tandards in 1904 and 1905, Hyde recommended that the umt be kept 
irough the agency of incandescent lamps. He also inaugurated a 
Lovement which, with the assistance of the American Institute of 
lectrical Engineers, the American Gas Institute, and the Illuminating 
ngineering Society, was successfully brought to a conclusion whereby 
ngland and Trance agreed to jom this country m adopting a common 
due for the unit, which has since been called the mtemational 
ndle.” The unit in use at that time in this country was reduced 
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by 1 6 per cent and thus brought into agreement with the exiisting units 
in France and England. Germany has so far refused to accept the 
Tjnit, but has agreed to cooperate from time to time m comparisons to 
determine the relation between the mtematiopal candle and the hefner 

At the present time 1 international candle = ^ hefners. 

Unit of Luminous Flux 

Lumen. — The lumen is the unit of luminous flux and is equal to 
the flux emitted in a unit solid angle by a source whose average candle- 
power throughout the unit solid angle is one candle (Fig. 55). A 
source having a uniform luminous mtensity of one candle m all direc- 
tions would emit 4r lumens The total luminous flux from a source 
whose candlepower in all directions is not uniform is computed from 
the mean spherical candlepower by multiplymg by 47r, for if the source 



Fig SB 


A — Oponjng OR haa an area of 1 square foot and emits 1 lumen 
B — One lumen falls on surface OP^ 

is considered at the center of a sphere of unit radius, the total surface 
of the sphere will mtercept all the flux and this total area is 47r This 
was formerly the common method of getting the total flux, but the 
introduction of the mtegratmg sphere has made feasible the use of 
standards rated in lumens. 

It may be well to emphasize the importance of candlepower and its 
relation to luminous flux. Until the introduction of the present high- 
powered, gas-filled timgsten incandescent lamps, practically aU photo- 
metric measurements of lamps involved a determination of luminous 
intensity in candles. City specifications for gas street lighting called 
for gas of a certam candlepower Incandescent lamps purchased on 
specifications were reqmred to have a certain mean horizontal candle- 
power. In the calibration of standards and instruments, the candle- 
power was and still is the pnncipal factor and the quantity most fre- 
quently measured in expenmental work. The total flux in lumens of a 
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standard incandescent lamp is detennmed by obtaiaing the mean 
spherical candlepower, either directly or through measurmg the mean 
horizontal, or the mean zonular candlepower, and multiplying this 
mean spherical candlepower by 47r. The growing popularity of the 
flux ratmg for incandescent lamps is pushing the general use of the 
idea of candlepower more and more into the realm of experiment and 
science. 

Candlepower is then always associated with a source, whether self- 
luminous or otherwise, and gives information regarding the luminous 
flux at its ongin. 


Illumination 


After the flux has left the source, it may be used directly to attract 
attention as m the case of signal lights or some sign lighting, but in the 
great majority of cases, it is produced in order that it may be made to 
impinge on a surface, to produce what is called illurmnahon, and the 
measurement of illummation comprises the major part of the photo- 
metric work to be done by the illummating engineer. 

Definition. — Illumination is connected with the flux recmed or 
intercepted by a surface, and unless designated as uniform, or as average, 
it refers to the incident flux at a particular point on the surface. Dlu- 
mination at a given point of a surface is the luminous flux density on 
the surface at the point, or the incident flux per unit of intercepting 


dF 

area. The symbol used is E and the equation m E = where the 

do 

illumination is not uniform. If the dimensons of the source of the flux 
are small relative to the distance considered and if r is the distance from 
the source to the surface and the latter is normal to the flux direction, 

dF = J do? and dS = do); / E = ^. If the normal to the surface makes 

an angle 6 with the direction of the flux, or, m other words, if the flux is 

Note that, if the illumination is not 

uniform, it is not proper to speak of the iUumiaation on a surface with- 
out either having it understood that the average illumination is referred 
to, or specifying the location of an infinitesimal area which has the 
stated illumination. It should be emphasized that illumination is 
always fiux per unit area, not candles per umt area. 

Lux and Foot-candle. — The International Commission on Illumina- 
tion defined the “ lux ” as the practical umt of illumination and equal 
to 1 lumen per square meter, but the earliest unit and the one still most 


incident at an angle B^E — 
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■widely used is the foot-candle. One foot-candle is the illuminati( 
produced at a point on a surface, which at the point is normal to t 
direction in which a source, located at a distance of one foot, has 
intensity of one candle. One foot-candle is 1 lumen per square foi 
Using the centimeter as the unit of length, the umt of illumination 
1 lumen per square centimeter, called a phot. An effort is hemg ma 
to give illummation values in lux or miUiphots, but up to the prese 
time it will be found that practically all values given m the techni( 
literature are in foot-candles. 

Various Units. — The vanous umts of illumination may at first sec 
confusing, but if it is remembered that, within certain linuts to 
discussed later, illumination may be derived from the value of t 
candlepower by dividmg by the square of the chstance between t 

source and the surface, i.e., E = then it will not be difficult to d 

tingmsh the units and pass from one to another. If the distance 
measured in feet, the illumination will be given in foot-candles; if 
meters, in lux or meter-candles, if in centimeters, in phots. 1 foe 
candle = 1.076 miUiphots. (1 sq m. = 10.76 sq. ft ) To put 
another way, a lamp which has a luminous intensity of one candle 
a direction normal to a surface wiU produce, if the surface is one fo 
distant, an lUumination of one foot-candle; if the surface is one met 
distant, an illuimnation of one lux, if the surface is one centimet 
distant, an illumination of one phot. It should be self-evident th 
the phot represents an lUumination many tunes as great as the foe 
cancUe If it is desired to use for illumination the expression “ flux p 
umt area,'' then to avoid confusion the word “ incident " should be p 
before the word “ flux " If this is done, there wiU' be no danger 
having it mistaken for the expression flux per umt area " when tl 
expression means “ brightness " In the latter case, it should be writb 
" emitted flux per unit area " 

Determination of Flux. — In order to determine values of flux fro 
candlepower and illumination, it should be remembered that either tl 
distribution or the average value of each must be known, for the form 
in the solid angle and for the latter over the given surface Thus, 
determine the flux coming out in a certain sohd angle from a floo 
lightmg unit, the size of the angle and the average candlepower mu 
be known, or, considenng as useful flux that which reaches the side 
a bmlding to be lighted, its magmtude may be computed if the averaj 
iUummation and the area of the building surface are determined. 

Water Analogy. — Another water analogy compares the flux to tl 
capacity of a pond and the candlepower m a single direction to the depi 
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of water below one point in the surface of the pond. Measurement of 
this depth would not tell much about the capacity of the pond. The 
average of a series of measurements at points along a medial line would 
give more of an idea and would be analogous to the measurement of the 
mean horizontal candlepower. But the capacity of the pond would be 
quite accurately determined by measuring the depth at a large number 
of points takmg the average and multiplying by iiie area In a similar 
way, the flux may be determined, as previously stated, by finding the 
average candlepower in aU directions (the mean sphencal candlepower) 
and multiplying by 4x (the area of a unit sphere). 


Photometric Laws 

Inverse Square Law. — The inverse square law states that if a surface 
is intercepting normally lummous flux emanatmg from a point, the 
illu min ation at any point of the surface will vary mversely as the square 
of the distance between the two pomts. This law may be illustrated 
as follows Assume the source to be the center of a senes of concentric 
hollow spheres of radius 1, 2, 3, 4, etc., and consider the flux from the 
somce contained m a given sohd angle w The bounding surface of this 
solid angle cuts the various spherical surfaces enclosmg areas which are 
proportional to the squares of the radu, 1, 2, 3, 4, etc , since by defimtion 
the solid angle is the quotient of the area of the intercepted surface 
divided by the square of the radius But the flux mcluded in this solid 
angle remains constant, and smce it is spread over areas successively 
larger in proportion to the square of the radu, the fllumination or flux 
per unit area must be successively less in the same proportion. 

Limitations. The law as stated holds ngorously only for a source 
which has mfimtely small dimensions, where the intervening medium 
has neghgible absorption, and the surroundmgs of both the source and 
the surface are perfectly black But m practice, errors due to the last 
two caus^ can usuaUy be neglected, and, exceptmg such sources as 
searchh^te and those mvolvmg reflectors, any source whose dimensions 
are neghgibly smaU, compared to the distance at which it is measured 
can be treated as if its flux were commg from a point Consider for 
^tenee ^ incandescent lamp filament and a point A in that filament 
A flux of hght IS commg from that point m every direction If there is 

+t X ^ considerable with respect to the height 

of the filament, a photometer screen, it wiU subtend at A a smaU solid 

angle, du, and the flux, dF, in that angle divided by the angle, or ~ , 

wfll be the luminous mtensity in the direction AB due to this poSt. 
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But every other point on the filament is also scndmg flux to B and the 
sum of all the intensities is the candlepower of the filament in that 
direction, and it is found in measuring it that the same value for the 
candlepower is obtained as would be obtained if all the flux were coming 
from a single point located at the correct distance from B, so that while 
the actual candlepower of all sources is due to a great many points, it can 
be shown by computation and has been foimd by experiment that for all 
sources except those of a certain type, if the measurement is made at a 
sufficient distance, the candlepower can be determmed as if m the given 
direction all the hght from the source were concentrated at a point. 

Errors. — Smce all known hght sources have fimte dimensions and 
since this law is involved in the great majority of photometric measure- 
ments, it IS important to know what errors are introduced when it is 
used. It can be shown mathematically that if the light source is in the 


A 


B 


c c 



D 


Fia 66 Illustrating Lambert^s Cosine Law of Incidence 

form of a straight hne or cylmder, the distance error introduced in com- 
puting the illummation by using the mverse square law will be neghgible 
if the distance of the photometer screen from the source is more than 
ten times the length of the Ime or cylinder. In the case of a flat, circular 
disk, the distance should be more than twenty times the diameter if the 
error is to be less than 0 2 per cent. 

Cosine Law — Incidence. — Lambert studied the illumination re- 
ceived by a surface due to flux incident at various angles and enunciated 
the law that the illumination on a surface varies directly as the cosine 
of the angle between the incident ray and the no rm al to the surface. 
Thus, if hght is passing through a screen, AB, Fig. 56, and strikes a 
surface, CD, normal to the direction AC, CD will have a certain average 
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illumination measured by the flux divided by the area. If now the 
surface CD be rotated about D as an axis through an angle B, then the 

CD 

area C'D, mtercepted by the flux, will be larger, or equal to 

^ cos 0 

Hence, the flux is spread over a larger area, and, therefore, the illumina- 

CD 

tion or flux per unit area is less, ot E = F which is equal to 

' cos ^ ^ 


F cos 8 
CD • 


This is ordinarily called Lambert's cosine law of incidence. 


Emission. — Lambert also studied the light flux from a diffusing 
surface and stated the law that the intensity of the light emanating in 
a given direction from a perfectly diffusing surface is proportional to 
the cosine of the angle of emission measured be^een the normal to 


the surface and the emitted ray. This is known as Lambert's cosine 


law of emission The only source at present known which obeys this 
law rigorously is the theoretical radiator, the black body. 

Talbot’s Law, — Another law, used more particularly in the photo- 
metric measurements of candlepower, is known as Talbot's law. If a 


beam of light is intercepted by a rapidly rotating disk from which 
sectors have been cut, the appearance of a surface illuminated by the 
beam will be the same as it would be if illuminated by a beam whose 
intensity was the same fractional part of the onginal beam as the 
angular opening in the disk is of 360 degrees. Thus, if the disk has a 
series of sector openings whose sum is 90 degrees, it will cut down the 
intensity of the beam to one-fourth. This law depends on what is 
known as the “ persistence of vision " of the eye, a phenomenon which 
has made possible the use of moving pictures. 

Fechner’s Law. — Finally, under the heading of laws might be 
mentioned Fechner's law which, when reduced to its simplest form, 
states that differences in sensation vary as the logarithm of the ratio 
of the stunuli producmg the different sensations If the strength of 
a sensation were directly proportional to the excitation, a light. A, 
which is twice as strong as another hght, S, would produce a sensation, 
A = 25, and the mind would m general be able to form fairly accurate 
judgments of the relative mtensities of hghts. But, as a matter of 
fact, the relation between the sensation produced by A and that pro- 
duced by 5 IS a logarithmic one. 


Brightness 

The fourth fundamental concept used in photometry is brightness. 
When hght strikes a surface, part of it is reflected, part absorbed, part 
transmitted. It is by reason of hght emitted, transmitted, or reflected 
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lat an object appears bnght, and difference in brightness or contrast 
one of the most important effects used by the eye to distinguish and 
lentify objects. Thus, m reading ordinary prmt, it is the difference 
L brightness of the paper blackened by the ink and the adjoining 
hite imtouched portions that enables the letters to be identified In 
alldng, differences in bnghtness are frequently a cause of protection 
om stumbhng In analyzing the lightmg conditions in a room, 
ightness measurements are important because it is differences in 
ughtness which the eye perceives, although they are in general pro- 
iced by differences in dlummation. Again, the photometers most 
unmonly used m practice have as their basic prmciple the abihty of 
le eye to distmgmsh small differences m the brightness of contiguous 
rfaces 

Definition. — In the 1922 Report of the I. E. S Committee, bright- 
jss IS defined as “ the luminous intensity per unit of projected area.” 
tie great difference in magnitude between the bnghtness of self- 
mmous sources and those luminous by reason of reflected or trans- 
ited hght is taken care of in the defimtions of the umts as given in 
e following paragraphs 

Candle per Square Centimeter. — The c.g.s. unit of brightness is 
le candle per square centimeter of proj'ected area. In the English 
stem, the umt is one candle per square inch. 

A surface of umt bnghtness emits one lumen per steradian per unit 
projected area. 

Lambert. — The lambert ” is a practical unit of bnghtness. It is 
ual to a brightness of I/tt candles per square centimeter of projected 
ea It is the average brightness of a surface emittmg or reflecting/ 
e lumen per square centimeter, or the uniform brightness of a per-, 
itly diffusing surface emitting or reflectmg one lumen per squarej 
ntimeter. 

For most purposes, the nullilambert, 0.001 lambert, is the preferable 
actical umt. 

The equation for brightness is 

7 __ 

ds cos e 

iQve he is the brightness in the direction d degrees from the normal 
the area ds and dio is the candlepower in that direction. 

The great majonty of surfaces are bright by reason of hght reflected; 
J for such cases, i e , walls, ceilings, and other surfaces seen by re- 
nted light, brightness is expressed in terms of the flux proceeding 
m a umt area of the surface, on the assumption that the surface is a 
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perfect diffuser, i.e., obeys the cosine law of emission or reflection. 
If the surface does not obey this law, its brightness is said to be the same 
as that which a perfectly diffusing surface would have if reflecting the 
same number of lumens per square centimeter. In this case, the for- 

dp 

mula for computing the brightness mhe =-^= p dE, where F is the 

emitted flux, p is the reflection coefficient, and perfect diffusion is as- 
sumed. The result will be expressed in lamberts if is given in phots. 
Thus the brightness of the walls m a suburban residence under dayhght 
has been stated to vary from 0 038 miUilamberts to 43 imllilamberts, 
and a white waU illuminated to 3 foot-candles might have a brightness 
of 2 m iU i l amberts, the exact value depending upon the reflection factor. 
The millilambert is a convement unit because of its close approxima- 
tion to the brightness of a perfectly diffusing surface having a reflection 
factor of unity and lUuminated to an intensity of one foot-candle. 

Lamberts from Candles per Square Centimeter. — The factor tt 
must be introduced into the computations if an instrument calibrated 
in candles per square centimeter is to be used for measuring brightness 

in lamberts. This may 
be shown by consider- 
ing one side of an in- 
finitesimal surface, 
obeying Lambert’s 
cosine law of emission, 
and having a bright- 
ness of b candles per 
square centimeter. Its 
brightness in lamberts 
will be the total flux 
emitted from that side 
divided by the area. 
To determine the total flux consider the element dS as at the 
center of a hemisphere ABC of radius r (see Fig. 67). Let dS' be an 
element on the inner surface of the sphere, the normal to dS' making 
an angle 6 with the normal to dS The candlepower le of dS in the 

direction of dS' will be 6/- dS cos since by defimtion br = • 

® dS cos d 

Hence, the iUurmnation at dS' wiU be ^ - since b is the same in aU 

directions for a perfectly diffusmg surface. If dS' be rotated about 
B dS as an axis, a zone will be generated whose area is 2 irrh where h 
is taken as the altitude of the zone. But h = dS' sin 0 = sm 0 r d0. 


B 
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Hence, the area of the zone is 2 sin ^ dd. The flux intercepting 
this zone will be the product of the area and the illumination or 


dF 


2 sm. B dd h dS cos 6 


2 Trb dS sin 0 cos B dB • 


The total flux will then be 2 irb smB gosB dB = 2 7rb dS 

= Trb dS. The flux brightness will then be by definition or irb 

li the brightness of a perfectly diffusing surface has been measured in 
candles per square centimeter, its brightness in lamberts will be tt 
times the value in candles per square centimeter. 

Illustrations. — To illustrate brightness, consider a piece of white 
blotting paper, whose reflection factor is 0.8, illuminated by a hght 
source which has a candlepower of 10 in the direction normal to the 
paper It is known that a good grade of such paper obeys Lambert’s 
cosine law of emission in all directions within an angle of 45 degrees 
to the normal to within a negligible error If the lamp is at a distance 
of 100 cm., the illumination at the paper wdl be 0.001 phots, or 1 milli- 
phot. Assuming this to be uniform over an area of 1 sq cm., the 
incident flux would be one millilumen Of this, 0.8 is reflected and 
the brightness would then be 0 8 milhlambert. But the mcident flux 
was assumed to be in one direction, and on strikmg the surface would 
scatter so that the emitted flux in any one direction would be very 
much less. If a small area of the paper were blocked off and the candle- 
power measured in the direction referred to, it would be found that 
the candlepower divided by the projected area would not be 0.0008 c. 

per sq cm. but c per sq. cm. 

Difiusion. — In thinldng of brightness and expressing it in terms of 
lamberts, it should be emphasized that since no surfaces encountered 
in practice obey Lambert's cosme law, their brightness if given m lam- 
berts means that they have the appearance which a perfectly diffusing 
surface would have if made to have the same brightness in lamberts 
While it is true that a perfectly diffusing surface appears equally bright 
at all angles of view, since such surfaces are not found in practice, the 
angle of observation should always be stated when expressmg the 
brightness of either a reflecting surface or a self-lununous source. 

Distance. — It should be further noted that brightness, hke candle- 
power, IS independent of the distance between the object and the 
observer to within the ordinarily neghgible error due to absorption by 
the intervening atmosphere. If one recedes from a street lamp, for 




178 


PHOTOMETRY 


inatance, it looks equally bright as long as it is visible. The reason 
in the fact that while the light flux entering the eye diminishes in p 
portion to the square of the distance, the solid angle subtended by 
lamp, and hence the image of the latter, diminishes in the same rf 
and the brightness of the image remains constant. Again, just as 
specific gravity of a substance does not depend on any specific amoun 
it, so brightness does not depend upon the extent of the bright surfi 
The filament in a 40-watt tungsten lamp is much longer and bigger tl 
the filament in a 10-watt lamp, yet both may have the same brightni 
The area in the one case is very much greater than m the other, but 
candlepower is greater by exactly the same amount and hence the n 
is the same. In the case of surfaces which reflect specularly, such 
polished metals, glass and mirrors, the departure from Lambert’s co£ 
law of emisson is so great that the usual ideas of brightness do not ap] 
In such cases, what is ordinarily of interest is not the brightness of 
surface, but that of the virtual or real images seen by reflection from 
surface. The brightness of the images will obviously depend upon 
character of the reflectmg surface. 

Curves 

In addition to the general quantities already defined, a numbei 
others referred to in the Report of the I E. S. Conumttee should 
mentioned. Thus, in testing the quahty of the output of lamp ma 
facturers, both in the case of gas mantles, arc and mcandescent Ian 
photometric work is earned on and data obtamed from which are plot 
certain curves. A performance curve is a curve showmg the beha^ 
of a lamp in regard to its candlepower, watt consumption, or ot 
characteristics at different periods durmg its hfe A characteri 
curve IS a plot showmg the relation between two vanable propertiei 
a source; for example, how the candlepower of a gas mantle varies v 
the gas pressure. This should not be confused with the distribui 
curve as used in illumination data. 

A distribution curve is a plot of the candlepower measured at van 
angles, generally in one plane, horizontal or vertical Certain conv 
tions have been recommended by the Illuminating Engmeering Soci 
in this connection Thus, the vertical distribution curve is definec 
a polar curve representing the luminous intensity of a lamp or light 
unit in a plane passing through the axis of the unit and having the i 
at the origin. Unless otherwise specified, a vertical distribution cu 
is assumed. 

Reduction Factor. — The spherical reduction factor of a lamp 
defined as the ratio of the mean spherical candlepower to the m 
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lorizontaL For a source whose Imninous intensity is uniform 
lirections, this factor would be unity. For a straight cyhndncai 
nent obeying Lambert’s cosine law, it is 7r/4 
Photometric Axis. — The photometric axis is an imaginary hne 
oarallel to the direction of motion of the photometer carriage and gener- 
illy perpendicular to and passing through the center of the photometric 
iisk, if that is of the flat type. 


Standards 

Unit and Standard. — It may be well to emphasize the difference 
between a umt and a standard. The former is a quantity in terms of 
which the latter is evaluated. A umt is essentially an idea or concept. 
A standard is a material object by means of which the idea or unit is 
utihzed. The watt is a umt of electric power But there is no piece of 
apparatus called a “ standard watt ” as there is a standard cell for 
voltage and a standard ohm for resistance. For each of the three 
quantities there is a umt, but only for the latter two, individual stand- 
ards to evaluate it. In the case of light there are several standards in 
use 

Standards may be divided mto three classes- primary, representa- 
tive or secondary and working. 

Primary Standard. — A primary standard is one that can be repro- 
duced from specifications If aU the existing standards were destroyed, 
the umt could be re-established if a primary standard were known. 
This, with the exception of the color, is its only absolutely necessary 
qualification It must have a constant value for a period only long 
enough to make a measurement It need not be simple and it may be 
expensive to make and expensive and difficult to operate, for, as in 
the case of the standard ohm, its production, maintenance and opera- 
tion may be confined to national standardizmg laboratories and it may 
be used only at rare intervals The VioUe platmum standard is an 
illustration of an effort to produce a satisfactory primary standard. 

Representative Standard. — A representative or secondary standard 
is one that has for its principal requirement constancy for a considerable 
period after calibration It need not necessarily be reproducible from 
specifications, but it should be portable, simple and inexpensive The 
incandescent lamp may be cited as an illustration. 

Working Standard. — A working standard has for its essential 
characteristic adaptability for the work in hand It should be constant 
enough not to require too frequent calibration, inexpensive and easily 
procured An incandescent lamp wiU serve in incandescent lamp 



180 


PHOTOMETRY 


photometry, but some kind of flame standard should be used in the 
photometry of gas. 

Color. — There is one quality which aU standards must possess in 
common and that is a suitable color. This pomt has become particu- 
larly prominent within the last few years, owing to the difficulty of 
obtaining, from existing secondary standards, working standards which 
would match in color the new lUuminants such as the gas-filled tungsten 
lamp. 

Primaiy Standards. — That there are today four primary standards 
in actual use is sufficient evidence that no one of them has been found 
sufficiently superior to the others to warrant its general adoption A 
primary standard is good if it is reproducible and bad if it is not Its 
fitness as a primary standard depends on the accuracy with which it 
can be reproduced. 

Flame Standards. — A flame is the seat of chemical reactions, deli- 
cately balanced and subject to sudden and marked variations, and is 
also the focus of streams of cooling and diluting gases from the surround- 
ing air. 

Pressure. — The effect of increasing the pressure in the atmosphere 
about a non-luminous flame is to make it lummous Decreasing the 
pressure around a luminous flame tends to make it non-lummous. 
Therefore, if a candle is carried up to the top of a mountain, it will tend 
to burn with a flame hke that of an alcohol lamp. The effect of non- 
combustible constituents of the atmosphere, such as water vapor and 
carbon dioxide, is in general to lower the luminosity of flames I 

Flame Hei^t — There is a critical flame height which may be taken 
as normal for a given illuminant A flame increasing toward the normal 
height grows hotter, and the decomposition of the combustible is more 
active. When the normal height is exceeded, the incomplete supply of 
oxygen produces rapid lengthening of the flame. For practically aU 
flames, the illuminating power varies proportionally with the flame 
height for limits of at least 5 per cent on either side of the normal height. 
The effect of pressure is probably also due to the ease with which 
atmospheric oxygen can penetrate the flame. 

Candle 

The first primary standard was a candle. Its use in this connection 
has become insignificant. But for situations where electricity is not 
available and other standards are inconvement by reason of their bulk, 
the candle is used Its advantages are its simplicity, cheapness and 
convemence Its objectionable features are its lack of uniformity, its 
unsteadiness and variations in candlepower due to wick conditions. 
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Carcel 

The Carcel lamp was employed as a primary standard for many 
years m France This lamp burns colza, or rape-seed oil, which is fed 
to the wick by a small pump operated by clockwork. The difficulty of 
defining and obtaimng a definite purity in the composition of this 
combustible, combined with other objections, has relegated the Carcel 
lamp to the position of a secondary standard and its use is very much 
restricted. 


The Hefner 

The primary standard invented in 1884 by Herr von Hefner-Alteneck 
and known as the Hefner lamp (Fig. 58) is the officially adopted stand- 
ard m Germany, and the intensity of a carefully specified lamp is taken 
as the unit of light in that country despite all efforts to displace it with 
the international unit This lamp has been the subject of numerous 
tests, and it is generally 
accepted that the value 
of the hght intensity 
can be rehed upon 
under specified stand- 
ard worldng conditions 
to plus or noinus 2 per 
cent. 

Combustible. — The 
lamp bums amyl ace- 
tate, or banana oil, 
which can be defined 
and obtamed in a state 
of sufficient purity to 
meet the requirement of uniformity in the composition ot the com- 
bustible. 

T.amp Parts. — The essential parts of the lamp are the reservoir, the 
wick-movement mechanism, the wick, the wick tube, and the flame- 
height measurer The material used is brass, with the exception of 
the wick tube which is made of German silver in order to save it from 
the corrodmg effect of the amyl acetate For a similar reason, the 
intenor surface of the reservoir has to be heavily plated. 

The material of which the wick is made can be anythmg suitable as 
long as it does not fill the tube too tightly or catch m the teeth of the 
notched wheels used to raise it. The wick is merely a conductor, in 
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this case, to bring the fuel up to the hot part of the tube. In operation, 
the top of the wick is from 1 to 3 milliineters below the top of the tube. 

Specifications. — The specifications prescribed by the German Phyai- 
kalische Techmsche Reichsanstalt cover the dimensions of all the parts 
and the tests for punty of the amyl acetate. As the lamp is not used 
as a primary standard in this country, these details will not be given 
here It is sufS.cient, perhaps, to say that the prescribed height of the 
flame, to give an mtensity of one hefner candle, is 40 mm., and a differ- 
ence of 1 mm. in flame height means from 2 5 to 3 per cent difference m 
candlepower. Corrections for atmospheric pressure and humidity have 
to be made when accurate work is to be done, the latest formula re- 
ported being as follows. 

Corrections. — Candlepower (7) = 1 — 0.0055 {x — 8.8) — 0 0072 
— 0.75) + 0.00011 (& — 760), where I = hefner candles; x = 
humidity expressed in hters of water vapor per cu. m. of dry air free 
from CO 2 ; x! = liters of CO 2 per cu. m. of dry air; and 6 = the baro- 
metric pressure in mm of mercury In well-ventilated rooms, the 
CO 2 correction is generally neghgible, but the humidity and pressure 
must be measured and allowed for in aU accurate work 1 hefner == 
0.9 international candle. 

Advantages. — The advantages of the hefner lamp he in its repro- 
ducibility, simplicity of construction and operation, ease of mampula- 
tion, portability, durabihty, and, with proper fuel and handling, agree- 
ment of one lamp with another. 

Objections. — Its principal defects are its color, which is more 
reddish than that of the sperm candle, and the difficulty of setting the 
flame height exactly right These two defects are fundamental in any 
consideration of the hefner lamp as either a primary or a working 
standard. A third objection is the low candlepower. 

International Candle. — The Bureau of Standards has experimented 
with the hefner with a view to seeing whether it can be improved and 
continue to serve as a primary standard. They have found that if the 
flame height is made 45 mm. instead of 40 mm , the lamp will give one 
international candle. They have also decided that the specifications 
are not rigid enough with respect to the wick tube, fuel, etc. But it 
would seem that the color is an insurmountable obstacle. 


The Pentane Lamp 

The pentane lamp seems to offer more promise, although it is ques- 
tionable whether any kind of flame standard will ever prove desirable 
as a permanent primary standard, since there are so many variables to 
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be looked out for. However, until a better standard presents itself, the 
pentane lamp is to be preferred to the hefner. 

A 1-candle pentane lamp was devised by A. G. Vernon Harcourt in 
1877, in which a mixture of air and the vapor of pentane was consumed 
at a given rate. Later a lamp was devised in which liquid pentane was 
burned with a wick, but in 1898 the modem form, a return to the first 
idea, in a 10-candle size, was brought out. 

Combustible and Mechanism. — The fuel used is pentane, CJ3[i2. 
No wick is used, and the liqmd is contained in an elevated reservoir or 
saturator. Air enters the inlet and mixes with the vapor of pentane 
as it passes over the liquid, and the mixture flows by gravity down the 
supply pipo to the burner. The latter is of the Argand type, made of 
steatite, and has thirty holes drilled in it. Air, heated by passing 
through the annular space between the inner and outer c himn ey, flows 
down through the hollow standard and into the central chamber below 
the burner. Thus the flame resulting from the combustion of the 
pentane is fed mternally with preheated air coming up through the 
center of the burner, and externally with the colder outside air. The 
flame passes up into an inside chimney in which there is a mica wmdow 
through which the tip of the flame is seen. The height of the flame is 
regulated by controlhng the rate at which the fuel is supphed. The 
latter is regulated by a stop-cock The part of the flame used is that 
between the top of the burner and the chimney. A cyhndncal block 
of wood serves as a gage to set the c h i mn ey at the given distance from 
the burner. This distance should be 47 mm., and when the flame is 
nght the candlepower is a maximum. 

Flame Height. — The mtensity depends, as with the hefner, upon 
the dim&rmoThs of the lamp, the composition of the fuel, the atmosphere 
in which it is burned, and the manipulation of the lamp, especially as 
regards flame height and the screening of the flame This lamp differs 
from the hefner, however, m that a change of 1 mm. in flame height 
alters the intensity by only about 0 4 per cent instead of 2 or 3 per cent. 
This makes it possible to screen the flame and utihze only its central 
zone. The intensity is, of course, a function of the size of the flame 
itself and this is affected by the dimension of the burner 

Corrections. — The effect of humidity and barometric pressure is 
similar to that in the hefner Early values of the humidity factor gave 
it as higher than for the hefner, but work at the Bureau of Standards 
indicates that the factor is about the same. The equation, neglectmg 
the effects of CO 2 , is 

j = (1 - 0.00567 (a: - 8) + 0.0006 (6 - 760)) 
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where is the normal candlepower, whose value is in the neighborhood 
of 10, and x and b have the same meaning as before. 

Advantages. — The advantages of the pentane lamp as compared 
with the hefner he m its better color, its higher candlepower, its steadier 
flame, the small effect of height changes, and its greater present repro- 
ducibility. 

Objections. — Its disadvantages lie in its bulkiness, complicated 
construction, and lack of portabihty, its higher first cost and cost of 
operation, and the fact that it requires a larger photometer room and 
better ventilation. 

Improvements. — As a result of extended investigations, the Bureau 
of Standards recommends various modifications in the specifications 
and design of the lamp, if it is to be used as a primary standard. The 
idea is to control the fuel and air supply more completely, using electric 
heatmg to vaporize the pentane and set up the draft in the burner. 
Work has been done on the development of a lamp embodying this idea 
and it is hoped that one will be perfected which will afford a valuable 
check on the umt of light as at present maintained by incandescent lamps. 

Center of Radiation. — Before leaving the pentane lamp, reference 
should be made to the point in the flame from which the distance to the 
photometer screen is measured. Theoretical considerations indicate 
that this point lies midway between the axis and the outer tube, but 
it has been the practice in all laboratories to measure distances to the 
flame axis, and thus uniformity of intensity is obtained. In using the 
lamp, from fifteen to thirty minutes are allowed to elapse after lighting 
before measurements are begun 

The two standards just described are the nearest approach to a 
primary standard generally accepted at the present time. But neither 
of them can as yet be reproduced from specifications with the accuracy 
with which the unit can be maintained by means of incandescent lamps. 
Furthermore, since in each case the light is the result of the specified 
fuel burnmg m a specified lamp surrounded by a specified atmosphere, 
the standard is not merely the lamp but the combmation of lamp, fuel, 
and atmosphere, and the last two elements are constantly changing 
These changes affect the light as a flame standard and make the errors 
of measurement many tunes greater than those made on carbon fila- 
ment lamps. 


Violle Platinum Standard 

Turning from flames to electric sources as primary standards, as 
‘arly as 1881, Violle proposed that the unit of light be that emitted 
lormally by one square centimeter of the surface of molten platinum 
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at the temperature of solidification. Some essential conditions for the 
reproduction of this standard are as follows, the platinum must be 
chemically pure; the mass must be not less than 500 grams; the cru- 
cible must be made of pure hme. 

Mechanism. — The platmum is melted by an oxy-hydrogen blow- 
pipe and the surface is viewed m a mirror placed above it and at an 
angle of 45° to the normal to the surface. The difficulties of manipula- 
tion have been found so great that this can hardly be considered a 
satisfactory standard The value assigned to this standard has been 
2 carcels or approximately 20 candles. A modification of the VioUe 
standard was suggested by Lummer and Kurlbaum, and another 
modification by Petavel. 


Arc Lamp 

Another suggestion for a primary standard was made by Swinburne 
and S. P. Thompson, who recommended that portion of the light from 
the crater of a duect-current carbon arc lamp which would pass through 
a hole of one square millimeter m an opaque screen. A careful mves- 
tigation, however, showed that the surface of the crater is constantly 
changing m brightness. 


Incandescent Lamp 

Incandescent filament lamps, both of carbon and other materials, 
have been proposed as primary standards. But no one has as yet 
constructed suitable examples from specifications and it is only recently 
that specifications have been given for a tungsten primary standard. 
The manufacture of vacuum tungsten lamps has become so standard- 
ized within the last year or two that the possibility that a tungsten 
lamp may meet all the requirements of a primary standard is by no 
means remote. 


Helium 

In connection with electric primary standards, reference should be 
made to a standard proposed by Nutting, consisting of a discharge 
tube filled with helium gas. The pinkish color, low intensity, and lack 
of reproducibihty were its chief defects. 

Black Body 

Reference should also be made to the suggestion made by a number 
of investigators that the hght from a black body be used as a means 
of mamtaining the umt. Usmg a properly constructed hollow sphere 
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or long, cylindrical tube, the candlepower of a definite area, with the 
radiator at a definite temperature, has been determined experimentally 
by a number of investigators and found to agree qiute closely with 
theoretical values obtamed by computation 

Radiation 

An entirely different viewpoint has been presented by Houston, F6iy, 
Ives and others, who propose as a primary standard a defimte quantity 
of radiation from a source, such radiation to be evaluated accordmg 
to its capacity to produce the sensation of light by bemg passed through 
a proper kmd of filter. 


Reference and Working Standards 

There are no reference standards for gas. For a working standard 
in gas photometry, a calibrated pentane lamp is probably the most 
reliable of flame standards In defimmg a workmg 
standard, it was mentioned that flame standards 
should be used in the measurements of flames. 
Pentane and other flame standards are therefore used 
in gaslight photometry, and experience has shown 
that atmospheric conditions affect the standard and 
the source to be tested very closely, if not exactly 
alike. The use of flame standards obviates the neces- 
sity of separate determmations of the humidity and 
barometnc correction factors for each source. 

Kerosene Lamp. — Numerous attempts have been 
made to utilize kerosene in a standard lamp. At 
present there is in use, as a workmg standard for gas, 
a lamp which was brought out in 1906 by A H EUiott 
and seems to be very satisfactory It is of the student- 
lamp form, and uses a flat cotton wick and a glass 
chimney. A metal screen limits the area of the flame 
used. The lamp gives approximately 6 candlepower 
and, as tested at the Bureau of Standards, maintained 
its value constant throughout the day to within 1 per 

cent. Its advantages he m its steadiness, cheapness, 

Fiq 59 Vertical simphcity of operation, and m the fact that it is very 
httle affected by drafts Another working standard 
ylene Burner " ^ testing is the Edgerton standard, which 

uses coal or water gas as a fuel. It consists of an 
Argand burner surmounted by a glass chimney aroimd which is a 
blackened metal sleeve. This sleeve has a slot in the front through 
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which passes the light to be used, while in the back it is cut away to 
avoid reflections. It is similar in idea to the Methven screen, but 
differs m some particulars. 

Acetylene. — While acetylene has not yet been found satisfactory for 
use as a primary standard, an acetylene lamp has been used to advantage 
in cases where it is inconvement or too expensive to employ mcandescent 
lamps. A Bray air-mixmg type of burner tip, A (Fig. 59), is used and 
moimted inside a cylindrical hood, -8, with a rectangular opening, C, 
in one side. From this opening, metal leaves extend inward to within 
about 2 mm. of the flame The edges of these leaves form an aperture 
through which a short section of the flame is viewed. The color of 
the light is very close to that of an ordinary vacuum tungsten lamp. 

Incandescent Lamps 

Reference Standards. — Properly constructed and seasoned mcan- 
descent lamps are the most constant and rehable reference or secondary 
standards at present available and, for testing incandescent or arc 
lamps, are also the best workmg standards. Changes go on m these 
lamps while they are burmng, but such changes are so slow in develop- 
ing that a good lamp can be burned quite a few hours without changing 
its candlepower appreciably. The lamps at the Bureau of Standards, 
used to maintain the umt, are carbon filament lamps running at 
approximately 4 watts per candle Their value in candles is given 
when they are burmng at defimte wattages. In ordinary use, however, 
the lamps are rated as having a certain candlepower at a stated 
voltage. 

Voltage Control. — For accurate work, the voltage must be controlled 
to withm 0.01 per cent for carbon lamps and 0.02 per cent for tungsten 
lamps. Experiments at the Bureau of Standards mdicate that the 
lamps will give a constant value for a longer period if they are burned 
at constant wattage rather than constant voltage. In the use of tungs- 
ten lamps, the filament should be either welded to all supports or should 
have upper supports made in a spring form so that the contacts of the 
fijament with the supports will be constant. In practical work, a 
number of the lamps are generally used and their average taken as a 
basis of computation. As soon as an individual lamp shows a value, 
relative to the mean, differmg from that assigned to it by more than a 
given amount, it is discarded. While this method makes possible the 
detection of individual changes, there is nothing to indicate whether or 
not the group of lamps has changed slightly as a whole Hence, it is 
highly desirable to have a satisfactory pnmary standard to serve as 
a check. 
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Heterochromatic Standards. — Within recent years, heterochromatic 
photometry has raised a new question m the problem of photometnc 
standards. As long as the lamps to be compared have approximately 
the same spectral composition, different photometric workers get 
comparable and consistent results. But as soon as the color element is 
injected, as in the measurement of the new gas-fiUed tungsten lamps 
against carbon lamp standards, then discrepancies appear. Of course, 
the gas-filled lamp can be used as a workmg standard, but it must be 
calibrated. 


Instruments 

When a standard has been provided, instruments and apparatus must 
be available with which to make the measurements. Of the instru- 
ments, the photometer is naturally the most important 
Terminology. — The word photometer is sometimes used in 
reference to the apparatus as a whole, sometimes to a part which will 
be defined under the name “ photometer-head.” There is no una- 
nimity in the terminology of the instruments and apparatus used in 
photometry. However, there is no necessity for confusion, and a little 
f amili arity with the subject and a moment's reflection will make it 
possible to tell whether the apparatus as a whole, or a special part of it, 
is referred to. Where “ photometer-head ” is used, what is meant is 
that part of the apparatus which contains the photometric disk or 
screen and the means by which the d isk is viewed. 

Basis of Various T^es of Photometer-heads. — Many kinds of 
photometer-heads have been devised. Most of them are based on the 
comparison of the brightness produced by the illumination of two 
contiguous surfaces. It would seem that almost every effect produced 
by light has been made the basis of a photometer, but with the exception 
of the type just mentioned, these are seldom, if ever, used For de- 
scriptions, see the works of Palaz and Liebenthal. For all except 
special kinds of work, the intensity of a source is measured by comparing 
the brightness or contrast produced by the illuimnation of two adjacent 
surfaces, and the photometer-heads most widely used in this country 
are of the Bunsen or Lummer-Brodhun types 
Requirements for Accurate Instrument. — The eye is able to detect 
very small differences in the brightness of two adjacent surfaces, assuin- 
mg for the tune being that the sources compared are of the same color. 
In the use of photometers based on this principle, it is found that the 
greatest accuracy demands that the two surfaces observed be either 
actuaUy immediately adjacent or made to appear so by optical means 
and arranged so that the dividing hne between them disappears when 
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an equality of brightness has been reached. Hence, such photometers 
are sometimes called “ disappearance ” photometers. The principle 
employed is called the “ equahty ” principle and this name is a general 
one also sometimes apphed to the photometers themselves. The eye, 
by observing the mergmg of one field mto another, can determine the 
point of equahty, or the disappearing of the dividing line, with consider- 
able accuracy. 

Among the other requirements for an accurate instrument may be 
mentioned the symmetry of the two halves, so that hght striking one 
side of the disk will not be subject to changing influences different from 
those encountered by hght strikmg the other side of the disk and thus 
cause a different settmg when the photometer is reversed. 

Stray Light. — Another important factor is the protection from stray 
hght, so that none may appear m the field of view as seen by the eye. 
Such hght may be due to defective optical parts, such as cubes, prisms, 
muTors, lenses, etc , or it may be due to poor 
construction of the enclosing box. The size of 
the field of view and the construction for observa- 
tion by one eye or by both eyes are pomts upon 
which there is still no unanimity of opinion. In 
order to keep an mstrument in good condition, 
it should be simple in construction and the 
optical parts should be readily accessible for 
cleaning 

Ritchieu — Because of the number of sub- 
sequent modifications of the idea, mention 
should be made of the Eitchie photometers. 

In one form, two mirrors throw the light from 
the two sources upon a translucent screen It 
is difficult to make the mirrors so that their 
edges come together m a Ime There has re- 
cently been described an instrument (Fig 60) 
which is a modification of this type, using only 
one mirror, made by depositing platinum on plate glass by the cathode- 
discharge method. The glass is first scratched by a steel-wheel glass 
cutter and, when it is broken, a very sharp edge results. Each piece 
can be used to ma k e a mirror. 

Wedge Type. — Ritchie's wedge photometer, in which the mirrors 
and screen are replaced with two pieces of white cardboard having 
good diffusing surfaces, is open to the same objection regarding the 
dividing hne. Quite a number of photometers have been devised using 
the Ritchie idea, but very few have found any practical use, they are 


I 

r c 





Fig go Recent Type 
of Ritchie Photometer 
Head 
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all subject to the possibility of error due to the placing of the wedge 
in the photometric axis If the wedge does not present the same 
obliqmty on each side to the incident light, the effect of the cosine law 
is different and the error is apt to be magnified by the fact that the angle 
of the wedge is in general such that the cosine is varying rapidly. To 
judge from Trotter's work, Ritchie photometers have found quite wide 
use in England and, in certain special cases where a cheap instrument 
for “ rough and ready " work is desired, they may prove very con- 
venient. For a discussion of the best angle to use with the mirrors 
or cardboard and the errors to be expected, reference should be made 
to Trotter's book. 

Contrast Principle. — In addition to being able to detect small 
differences in the brightness of two contiguous surfaces, the eye is also 
able to determine with great precision when the contrast between a 
dark and hghter portion of a surface is the same as that between a dark 
and hghter portion of another surface close to it. This is known as 
the contrast " prmciple, and photometers in which it is applied are 
sometimes called “ contrast ” photometers. In such cases, the field 
of view seen in the photometer-head consists of at least four parts, 
two receiving light from one source, the other two from the other 
source, an absorbing device decreasing the flux received on one part in 
each instance. 

In photometers usmg the contrast principle, the equahty principle 
may also be employed, since, when the equahty of contrast is established, 
equality of brightness is also observed If this is not so, the construc- 
tion of the apparatus is faulty. 

I Degree of Contrast. — The degree of contrast which gives the most 
sensitive arrangement depends somewhat on the illumination of the 
fields It should be small in all cases, and smaller where very bright 
fields are encountered than where weak lUummations are used How- 
ever, it is fixed m the ordinary instrument and is usually about 8 per 
cent. 


Btmsen 

The Bunsen, or "grease spot,” photometer in its various modified 
forma is the most widely used instrument of its kind, in this country 
at least. 

Theory. — The theory of it is as follows Suppose a piece of white 
paper, semi-translucent, a portion of which has been made more trans- 
lucent by a drop of grease or wax, is held between two sources of light. 
An observer looking at one side will see one of three conditions either 
the spot (Fig. 61) will appear brighter than the surrounding paper, or 
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it will appear dark on a white background, or it will be almost indis- 
tinguishable. If the paper is moved nearer one of the lights and the 
side observed is toward the hght, the appearance of the spot will change 
so that if it was darker, it will become more so; if hghter, it will be- 
come less so; and a position will be found where it wiU almost, if not 
quite, disappear. This point does not in general, however, represent 
the position of equality of illumination on both sides of the sheet, for if 
the observer looks at the other side of the paper, a different position 
will be found where the spot disappears. This is due to the fact that 
all the light received by the spot does not pass through, and aU received 
on the rest of the paper is not diffusely reflected but aoTna is trans- 



Fig 61 Bunsen Photometer and Screens 
Case A — Screen at Left of Balance Pomt. 

Case B — Screen at Eight of Balance Pomt. 

Case C — Screen at Balance Pomt. 

mitted. What the observer sees then, on looking at one side of the 
sheet, is light coming from the source on that side, mainly diffusely 
reflected from the imgreased portion, some light reflected from the 
greased portion, as well as hght from the source on the other side trans- 
mitted largely through the greased portion but partly through the un- 
greased. Since the reflecting and transmittmg properties of the two 
sides are not likely to be the same, the position for equahty of illumina- 
tion will depend on which side is observed. 

Equation. — The equations from which the relative intensities are 
computed may be derived as follows. 

Let 1 1 and 1 2 be the mtensities of the two sources; pi and ti be the 
reflection and transmission coefficients of the ungreased portions, p2 
and fe of the greased, ri and r2 be the distances to the respective sources 
when the setting has been made while observing a given side of the 
disk, n' and ra' be the distances when the disk has been reversed but 



192 


PHOTOMETRY 


the observer looks at the given side which is now turned toward i 
other source. Then for the first positioo, the hght coming to the ( 
from the ungreased portion will be 

and this is equal to 292 A + > 

7 * 2 ^ Tr 7 * 2 ^ 


the light coming from the greased portion. 
For the second position* 


1^2 1 . -fl 1% y 


from which 


h 


nir'i J. 

r i 2 ' 
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As ordinarily used, the Bunsen photometer-head is provided w 
two muTors which enable the observer to see both sides of the d 
simultaneously. In this case, the observer may see a contrast betwe 
the greased and ungreased portion and the photometer-head is adjust 
until the contrast on the two sides appears the same 

Sensitivity. — The sensitiveness of the disk, as well as the accura 
of the results obtained by its use, depends to a great extent on t 
method employed m constructmg it. Three conditions must be f 
filled by a good disk (1) The two sides must be alike; (2) the cc 
trast between the greased and ungreased portions must be such as 
give the proper degree of sensitiveness for the work in hand, (3) t 
paper and the grease must exercise no selective absorption or reflecti 
effect on the light. 

The above discussion assumes a partially transparent imglaz 
portion, but this transparency is not necessary to the theory, and 
the Leeson disk (see below) is used, the part surroundmg the star m 
be absolutely opaque. Under these conditions the computation 
exactly similar for the reversal of the disk. However, if contrast 
desired, then transparency is necessary and the degree of contrast c 
be regulated In this case, the hght transmitted through the unglaz 
portion must be more than that reflected from the glazed part 

Disk Making. — Various procedures have been recommended f 
making disks. A piece of copper, roimd or star-shaped, may be plung 
into a bath of molten wax, held there until heated, and then press 
on the paper until the wax has completely penetrated it. The excc 
of wax should be removed by scrapmg or by laying on it a piece 
blottmg paper and pressmg with a hot iron. Heavy, unsized whi 
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paper, such as white drawing paper, should be used. For other methods, 
reference should be made to the various books on photometry. 

Leeson Disk. — A type called the Leeson disk is made by pasting 
sheets of thin, translucent paper to each side of a piece of heavy paper 
in which a slender pointed star has been cut The inner paper may be 
the same as that used in the grease-spot disks The outer paper is 
selected to give the right degree of contrast and should have an unglazed 
surface. It was formerly possible to purchase such disks, not pasted 
together. Thin starch paste should be used and great care taken to be 
sure the parts adhere without wrinkling at the points of the star. 

Rudorf Mirrors. — The use of two mirrors, by means of which the 
two sides of the disk can be observed simultaneously, is credited to 
Riidorf, and they are called Rudorf mirrors. They are generally placed 
vertically behind the disk and so that their edges do not cast shadows 
on it, and should be inchned at an angle of 140 degrees to each other. 
With the disk they should be mounted in a box with the sides cut away 
to admit hght from the sources to be compared and with an opening in 
the front through which to observe the disk. Modifications of the 
Rudorf arrangement have been made by Von Hefner-Alteneck and 
Kruss 

Sources of Error. — It rarely happens that a disk has the same 
properties on both sides Hence, when using the direct method, 
measurements should be made with the screen first in one position and 
then turned through 180 degrees by a rotation of the photometer-head. 
Another source of error is that ascribed to differences in the eyes of the 
observer, so that there is a tendency to set the photometer persistently 
in one direction. This can be avoided by working with one eye covered, 
or by the use of a method due to Kruss. 

Advantages. — Among the advantages of the Bunsen photometer- 
head, aside from its accuracy, are its simplicity and cheapness. Another 
advantage lies in the fact that it can be used with both eyes, and m 
factory work this is considered quite a help Its prmcipal disadvantage 
is the difficulty of gettmg satisfactory disks where high accuracy is 
desired Theoretically, there is the objection that each side of the 
screen shows hght from both sources. 


Lummer and Brodhun Photometer 

The next most widely used photometer-head is known as the Lu mm er 
and Brodhun photometer It is one of the most sensitive, and is con- 
sidered by many the most sensitive type of instrument. It is exten- 
sively used both for precision and for techmcal photometric work. 
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Cube. — The most essential part of it is what is called the Lummer 
and Brodhun “ cube.’’ It is reaUy an ideal Bunsen disk and may be 
used either as an “ equahty ” or contrast instrument. In the former 
case, the cube consists of two right-angle pnsms with their hypotenuse 
faces placed together, the edges of the face of one having been ground 
away so that only a small circular portion of that face is left. The two 
pnsms are clamped together so tightly that all air is excluded from 
between the parts in contact Consequently, over this small circular 


area the two pnsms become 
through from one to the other 


s 



Fig 62 Diagraaninatic Sketch of ^‘Equal- 
ity” Type of Luniiner and Brodhun 
Photometeivhead 


icaUy homogeneous and hght will pass 
without diminution The rest of the 
photometer-head (Fig. 62 ) consists 
of a plaster-of-Paris screen, S, 
which receives the flux from the 
two sources to be compared; two 
mirrors, m and m', which reflect 
the diffused flux to the cube, C; 
a magnifymg lens, L, by means of 
which an image of the hypotenuse 
surface is focused on the eye of the 
observer at E. 

Action of Cube, Equalily Type. — 
The action of the cube is as fol- 
lows The flux received on the 
left of S is diffusely reflected and 
a part is intercepted by the mirror, 
w, and reflected into the cube. 
That portion of this beam striking 
the central contact surface passes 
through and mto the eye. But 
that part which strikes the rest 


of that surface is internally re- 
flected and sent out in other directions The flux from the right- 
hand side of Sj which after reflection from m' strikes the central 
contact portion of the hypotenuse surface, passes through and out into 
space. But that part which strikes the rest of the surface is, internally, 
totally reflected into the eye. Thus the eye sees an inner circle by hght 
coming only from the left side of the screen and an outer nng by hght 
commg only from the right side of the screen. And so it is evident that 
the arrangement makes an ideal Bunsen photometer in which the inner 
circle corresponds to the grease spot, and there is" perfect transmission, 
while from the surroundmg ring there is perfect reflection, each portion 
of the field being illu min ated solely by the light from one source. When 
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the two sides of S are equally illuminated, the line of separation bet^ 
the circle and the ring should disappear, provided the sources t< 
compared are of the same color. If not, there wiU still be a tend( 
for it to disappear if the color difference is not too great. 

The prism, mirrors and screen are contamed in a light-tight, interi] 
blackened metal box \vhich has openmgs on the sides to admit 1 
to the screen or disk and another opening for the eye-piece, contaL 
the magnifying lens. The box can be turned about a horizontal 
so as to reverse the disk, and in some types is provided with a gradui 
circle at the back for use in distribution-curve measurements. 

This instrument is known as the Lummer and Brodhun “ equali 
or “ match photometer-head ” and is made up in a number of diffe 
forms, and the cube ” is used in various other instruments, 
mirrors may be replaced by totally reflecting prisms. 

Contrast Type. — In the “ contrast '' type, Fig. 63, the cub< 
arranged as shown in the cut, Fig. 64, In this form the hypoter 
surface is etched away at de in the form of a trapezoid or segment 
at be and aA so as to form a trapezoid or segment of unetched glass at 



Fia 63 Photometer-head Showmg Top Removed 


The light from the left-hand side of S (see Fig. 62), reflected from 
is transmitted through the spaces Ce, dc and ba^ and reflected from 
cb and aA Similarly the hght from the right-hand side of Sj reflec 
from m', is again reflected at aA, be and ed, and transmitted at ab 
and eC, Thus each ttapezoid or segment is illuminated by hght from 
side and one side only, and is surrounded by a surface receiving light fi 
the opposite side. The absorption strips at F and E cut down the li 
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Appearance 
of Field 


reaching the trapezoids or segments, so that as a balance is approached 
they appear darker than their surroundings, and when there is equal 
illumination of both sides of S, the center line of division disappears 
and the two trapezoids or segments appear equally sharp and dark 
against their backgrounds. As the photometer-head is moved one 

trapezoid or segment 
A y y becomes darker; the 

^ / / becomes lighter, 

\\^ y a ^ / / tendmg to disappear. 

absorption strips 

^ pieces of plane, par- 

g/ gigoj glsiss which 

di y/ by reason of reflec- 

N. >/ ^ tion from their surfaces 

N. \ produce an effective 

diminution in the light 
C /\ 2 ^ of approximately 8 per 

/ \ cent 

1 1 Sensitivity. — Since 

\ ^ MlkV / ceive a smaller degree 

\v of difference in con- 

Fta 64. Schematic Diagram of Lummer and Brodhim than difference in 

Photometric Cube, Contrast Type brightness, the contrast 

form IS more sensitive 

than the equality or disappearance form. Both are more sensitive 
than the Bunsen, since m the latter a mixture of the light from the 
two sources is always present in the grease spot and sometimes 
in the surrounding field. Lummer and Brodhun in their original 
experiments found that a contrast of about 3.5 per cent gave the greatest 
accuracy for illuminations ordmarily met m practice. Since, however, 
clear glass, as stated, has an effective absorption of 8 per cent and the 
mstruments based on the contrast principle have employed small glass 
stnps to produce the effect, 8 per cent has become the usual contrast 
There has been devised an arrangement whereby, by making the glass 
stnp wide enough to cover the entire face of the cube, an extra strip 
having an absorption of 3.5 per cent can be cemented on by Canada 
balsam over the part where the contrast is desired, and a 3.5 per cent 
contrast is thus obtamed Instruments fitted out m this way have given 
more accurate results than the regular type with 8 per cent contrast. 
A further increase in the sensitiveness of the Lummer and Brodhun 
contrast photometer can be obtained by graduating the absorption of 


Fxa 64. Schematic Diagram of Lummer and Brodhim 
Photometric Cube, Contrast Type 



SCREENING SYSTEM 


197 


the contrast strips from top to bottom, making them, say, 1 per cent 
greater at the top than at the bottom for the one and the same amoimt 
less at the top than at the bottom for the other Assume that the eye 
can detect a difference just greater than 1 per cent. Then a motion to 
the right of the position of balance would show a difference of more than 
1 per cent at the top; motion to the left, more than 1 per cent at the 
bottom. Hence, a setting at the point midway between would make a 
reading certain to 0 5 per cent 

When there is an appreciable difference m color between the sources 
to be measured, no disappearance of the dividmg lines occurs m the 
Lummer and Brodhun cube, and many observers feel that the Bunsen 
photometer is more sensitive. The results of some tests on the accuracy 
obtainable with different photometers are given in the following table: 

Per Cent 


Lummer and Brodhun Contrast 

0 38 

Marten's 

46 

Lummer and Brodhun Equality 

69 

Joly Diffusmg 

. . 17 

Bunsen (Rtidorf Mirrors) 

20 


Auxiliary Apparatus. — The photometer-head is usually mounted on 
a carnage which can be moved back and forth on a track, called the 
photometer track or ways (Fig 65, left side). The photometer carriage 
should be able to move easily and yet have as httle lost motion as pos- 
sible. It should carry a small shaded light which can be used to illumi- 
nate the scale when the position of the photometer is to be read 

Ways. — The ways should be ngid, not easily jarred, as straight as 
possible, and so constructed that the carriage will move in a straight 
line. The above apphes to the case where the photometer carriage 
moves. In some types of photometric eqmpment the photometer-head 
is stationary and the comparison or the standard-lamp carriage moves. 
The movable carnages should be provided with pointers which travel 
over a scale attached to the ways. 

Scale. — The photometer scale may be cahbrated for distance read- 
ings, in centimeters or inches, or directly m candles. In the latter 
case, in incandescent lamp work a number of different scales to be used 
with different sizes of lamps are sometimes mounted on a drum which 
can be rotated so as to bring any desired scale under the pointer. 

Screening System. — In order to be certain that any hght which 
reaches the photometer disk, other than that from the lamps to be 
measured, shall be negligible, a screening system (Fig 66) is usually 
employed. If this system is properly designed, it is not necessary to 
darken the walls of the photometer room. The screens should be 
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mounted on holders which will enable them to be moved along 1 
track, and a number of them should be placed between the photor 



Fig 66 Photometer Bench (left) and Spectrophotometer (right) 



Fig 66 Photometer Bench Showing Screening System 


ter-head and the lamps at the ends of the track Each screen shou 
have a hole cut in it, those fartheijt from the photometer having tl 
largest hole. Back of each lainp should be filaced a screen withoi 
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a hole in it. The best material to cover such screens is a good grade 
of black velvet. To be sure that no stray light is reaching the pho- 
tometer disk, remove the disk and look through the photometer-head. 
The eye should then see only the hght source and the black surfaces 
of the screens. The reflection from these surfaces, as long as dust is 
not allowed to collect, is negligible. Another method of making sure 
the screens are properly placed is to look past the edge of the screen 
and see whether the photometer disk is visible. If it can be seen from 
any point outside the screening system, then the screening is not suffi- 
cient In commercial work, black paint is generally good enough to 
use on the screens, and in some cases it is desirable either to paint the 
walls of the room a dead black or to enclose the photometer completely. 

The other auxihary apparatus which is used will be considered in 
discussing “ Methods.” 


niuminometers 

The photometer-heads previously described are in most cases used 
to measure candlepower or lummous intensity. Modifications are 
foimd in a class of instruments which are sometimes called “ illumi- 
nometers,” and sometimes portable photometers,” and which are 
employed primarily to measure illumination (Fig. 67) Because of 
their adaptability to so many classes of photometric work, they are 
also called “ universal ” photometers. These instruments should be, 
and ordmarily are, portable and can be used to measure candlepower 
(usually with less accuracy than the other type) and brightness as well 
as illumination The essential parts of the best modem types are 
comprised in a reliable light source with means for controlling its 
candlepower, a translucent diffusing screen to receive illumination from 
it and a means of varying the illumination either by motion of the lamp 
or screen, or the interposition of absorbing devices, a suitable scale 
for recording these variations; another diffusing screen to receive the 
flux to be measured and capable of rotation about one or more axes; 
an optical system for bringing into juxtaposition in the field of view 
the surfaces of the two screens and an eye-piece through which to 
view them; a diffusing plate, called a test plate, used to place at a 
point where illumination is to be measured, a system of absorbing 
devices to cut down the test flux and thereby increase the range of the 
instrument; a suitable standard or tnpod on which to mount it 

Sharp-Miliar. — The first American-made instrument to come into 
general use was the Sharp- Miliar ( Fig. 68), which is tjrpical of this 
class of photometers anti' German design known as 
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e Weber. It consists of a rectangular hardwood box about 2 feet 
Qg, fitted at one end with an opening containing an elbow tube and 
the other with binding posts for the electrical connections. On the 



Pig 67 Types of Portable Photometers (Approximately to Scale). 



Fig 68 Side Elevation and Plan of Sharp-MiUar Photometer. 


nt at the elbow end is an adjustable eye-piece, and running along 
iT the top, a translucent photometric scale graduated according to 
inverse square law In addition, the front holds a knob for moving 
working standard lamp and a pair of resistances to control this lamp. 
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The lamp is mounted on a carriage and is moved on ways by means of 
pulleys and a cord connected to the knob. A set of movable screens, 
automatically adjusted with the motion of the lamp, acts to cut off 
stray light. Light from the working standard illuminates a small 
ground-glass plate which forms the equivalent to one side of the pho- 
tometer-head disk. The other side is formed either by a diffusing plate 
at the elbow when the instrument is used to measure candlepower or 
brightness, or by a diffusing plate or translucent diffusing cap at the 
end of the elbow tube when the instrument is used to measure illu- 
mination The photometric device is a modified Lummer and Brodhun 
prism in which, by addition of another totally reflecting surface, rays 
from opposite directions are brought to the sight tube. The elbow 
tube may be turned about a horizontal axis, and the diffusing plate at 
the elbow has on its reverse side a mirror which is used for candlepower 
and brightness measurements. The range of the instrument is extended 
by a pair of absorption glasses so fastened that either one of the pair 
may be used to cut down the light on either side of the prism. A 
smaller instrument has been designed. 

Macbeth. — The Macbeth illumi nometer is another American in- 
strument of more recent design but of the same general character 
(Fig. 69). It is much more compact, the case being a small metal 




Fia 69 Diagrammatic Sketch of Macbeth Dluimnometer. 


cyhnder, and the working standard lamp is set at one end of a rec- 
tangular metal rod which contains the scale on one face and is moved 
by a rack-and-pimon controlled by a knurled knob. The interior of 
the tube is covered with black velvet to ehminate the effect of stray 
light and the rigid connection between the lamp and the scale avoids 
back-lash errors. The elbow tube is fitted with a mirror only, at the 
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elbow, the whole tube being removed for measurements of candlepower 
and brightness. A feature of this instrument is an auxiliary leather 
case containing resistances, dry cells, and a milhammeter, with an 
arrangement for checking the cahbration of the working standard %n 
dtu. 

Weber. — A foreign instrument, which was the precursor of precision 
instruments of this type, is the Weber photometer. In Fig. 70 the 
lamp shown as a standard is a benzine flame, but this can be, and m 
this country generally is, replaced by a miniature electric lamp. The 
diflSiculty with the latter is the necessity of adding to the equipment 

a battery (a dry or storage cell), 
a resistance, and a voltmeter or 
ammeter. This, of course, involves 
additional weight. The question 
of what to use for this companson 
source has been much discussed, 
but the electric lamps seem to be 
the only solution where accurate 
work is to be done. The flame 
height has such an effect and is 
so hard to control in oil lamps 
that they are not satisfactory for 
precision work. 

Referring to the figure again, 
the source at b illuminates a milk- 
glass plate, /, which is moved back and forth m the tube, A, and carries 
with it a pointer moving over the scale. Tube A is mounted on and 
can be turned about a vertical rod. Tube B is fastened by a sleeve 
to A and can be turned about a horizontal axis. At p is a Lummer 
and Brodhun cube and this is observed through the eye-piece at o. 
The other end of B has a holder, in which may be placed any one or 
more of a series of milk-glass plates. Beyond the holder is a tube, k, 
to protect g from stray light. If the instrument is to be used to measure 
the candlepower of a source, tube B is pointed at the source and on- 
ented so that its axis extended passes through the center of the light 
source. The milk-glass plate at g and the other at / then become the 
two surfaces which correspond to the sides of the plaster-of-Pans screen 
in the ordinary L umm er and Brodhun photometer-head. The distance 
from the source to the plate at g havmg been measured, the intensity 
can be calculated from the reading of the scale, the latter having been 
previously calibrated. Thus, if it were calibrated m milhphots and 
the unknown source was at a distance of 1 meter from g, and if 


k 



Fia 70 Diagrammatic Sketch of 
Weber Photometer 
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equal illumination was found with / at 1 milliphot, then the source 
would have 10 cp in the given direction. 

Measurement of niummation. — If the instrument is to be used to 
measure iUummation, the plate at g is removed and one of two pro- 
cedures is followed In one procedure, a white diffusing plate or card 
is placed at the pomt where the value of the illumination is desired, and 
tube B is pointed at this plate. This plate would then be seen in place 
of the plate at and / would be moved until the photometer field showed 
uniform brightness The scale having been previously calibrated, the 
pointer would mdicate the correct illumination 

In the other procedure, a strongly diffusing milk-glass plate is fastened 
on the end of g in place of the tube, k. The instrument is then placed 
so that this plate occupies the position where the value of the illumina- 
tion IS desired. If it is in a horizontal plane, a totally reflecting prism 
at s enables the observer to see the prism, p, without effort. As before, 
/ is moved until the photometer field is of uniform bnghtness. 

The range of Ulummation which the instrument can measure is 
extended by using a number of plates at g or single plates of varying 
density 

Beckstein. — Another foreign instrument of a more elaborate type 
is that due to Beckstein (Fig. 71). The standard lamp is placed in a 
smaU opaque sphere having a whitened matte inner surface and provided 
with a window made of milk-glass which is shielded from the direct rays 
of the lamp. The transmitted hght may be altered in intensity by 
means of an absorbing screen or changed in color by a glass filter and 
then passed through a variable-opening sector-disk arrangement, gf, 
to a photometer cube In this type of sector-disk, which wiU be referred 
to later, the beam of hght is made to rotate. It passes through a sector 
openiQg, which may be adjusted, while the light is rotating, from an 
opemng of 180° to zero A smtable scale is attached Thus, the hght 
from the standard lamp sphere may be altered continuously from 50 
per cent to zero, and an additional fixed reduction may be made with 
the absorption strip mentioned above The figure shows the onginal 
form of the mstrument, the cylindrical housing, TO, having subse- 
quently been replaced by the small sphere The receiving plate of 
translucent milk-glass is attached to a tube, 0, which houses two ab- 
sorbing devices, gz^ which may be adjusted to cover quite a large range 
in illumination The tube, 0, can be turned to any desired position and 
the instrument used as an ordinary photometer by placing the shielding 
tube, hzj over the milk-glass plate, when the latter is in the position 
shown For brightness measurements, the arrangement is the same as 
far as hz is concerned, but the shell carrying the nulk-glass plate is 
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turned until an unobstructed opening is in line with h^. The sector- 
disk is dnven by a motor and current must be provided to operate it. 

In England a number of iHuminometers have been developed in which 
the il l um in ation due to the standard lamp is varied by changing the 
angle of incidence on the translucent screen An excellent description 
of these instruments is to be found in Trotter's work 



Fig 71. Beckstem XUuiniiiometer 


Foot-candle Meter. — In order to make it possible to obtain approxi- 
mate values of illumination quickly and easily^ an instrument called a 
foot-candle meter has been devised on the same prmciple as Trotter’s 
slot or limit gage photometer. As shown m Fig. 72 , it consists of a hght 
box covered with a screen perforated with a number of am nil 
lying in a straight line, and covered with a translucent diffnniTi g material. 
Wien the interior of the box is illuminated by a small incandescent lamp 
placed at one end, the spots nearest the lamp appear brightest as viewed 
from above, and there is a graduated decrease in bnghtness to the spots 
farthest from the lamp. The instrument is placed at or near the point 
where the illummation is desired and the spot which has that lUumina- 



Fig 72 Foot-Candle Meter 


Sources of Error. — The receiving plate is one of the essential parts 
of an illuminometer photometer. In making measurements, the pho- 
tometric device must either be placed under it or over it. If below 
the plate, the extent to which the surface 
obeys Lambert's cosine law and the extent 
to which the diffusely transmitted light 
is affected by the glass are factors of 
considerable importance If the photom- 
eter box is above the plate, conformity to 
the cosine law is equally important, but 
the extent to which the instrument and 
the observer cut off light which would 
otherwise reach the plate must also be 
given careful consideration Where the 

receiving plate is kept as part of the m- Compenaated Test 

strument, interference with the incident Plate 

flux IS much more easily avoided. Several 

attempts have been made to produce a test plate in which the cosine 
error is corrected; among others, one called a “ compensated test plate ” 
both m the reflecting and transmitting form. In the latter case (Fig. 
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73), the light lost by reflection at increasing angles of incidence is com- 
pensated by admitting hght to the posterior side of the plate through 
an opal glass ring. In the reflecting form, a disk of depolished white 
glass is used and additional hght added by transmission of hght diffused 
from a plate placed beneath. 

As most illuminometers are direct-reading, the scale is a potential 
source of error. The constancy of the standard lamps and stray hght 
caused by leakage or by internal reflections are other possible sources 
Proper cahbration will reduce these errors m general to the point where 
they are neghgible compared with the uncertainties in the photometric 
settmgs. 


Methods 

Direct Comparison. — There are two general modes of procedure 
employed in the intercomparison of hght sources by the use of photo- 
metric apparatus. In the first, which is known as the direct compari- 
son ” procedure, the apparatus is set up in such a way that the source 
of hght to be measured is compared directly with the standard source, 
one being placed on one side of the photometer-head and the other on 
the opposite side, and a balance obtained in the usual way. In making 
measurements according to this procedure, many precautions are 
necessary to eliminate errors such as differences in the two sides of the 
photometer disk and other parts of the photometer-head, inequahties 
in the ways, errors in the scale, stray hght reflected from the screemng 
surfaces, and the tendency for an observer to favor one side of the disk 
rather than the other. This method is qmte commonly used in gas 
testing. 

Substitution. — The second general procedure is known as the sub- 
stitution ” procedure. In this case, the comparison between the source 
of hght to be measured and the standard is indirect. First, the standard 
source of hght is set up and compared with a constant source of hght of 
convenient candlepower and color. Then the standard source of hght 
is removed and the unknown source is substituted for it. The unknown 
source is then compared with the constant mtermediate source of hght 
and its value is computed from the two seta of measurements. The 
advantage of this procedure over the direct comparison method hes m 
the ehmi nation of aU errors due to lack of symmetry, etc , smce these 
errors appear in both measurements, that of the standard and that of 
the unknown. The substitution procedure should be used whenever 
possible. 

Means of Varying the Illumination on the Photometer-disk. — In 
order to get equahty of illumination on the sides of the photometer-disk 
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and hence in the field of vision, a means must be provided for changing 
this illumination m a known manner. The simplest and most common 
method is to vary the distance between the photometer and one or both 
sources. This may be accomplished in three ways: (a) by havmg the 
sources fixed and movmg the photometer between them; ( 6 ) by keeping 
one source and the photometer fixed and moving the other source, or 
(c) keeping one source fixed and moving both the photometer and the 
other source simultaneously, the latter source being fastened to the 
photometer-head by connectmg rods. 

Equations. — If the photometer carriage or either source is moved, 
its motion should be parallel to the photometric axis. In the direct 
comparison procedure for condition a, let E be the illumination on both 
sides of the disk. Let I be the candlepower of the source on the left 
and r its distance from the photometer-head. Similarly, let Ii be the 
candlepower of the source on the right and ri its distance. Then 



or 


7 = 



If a second reading is made with the disk reversed — and this should 
always be done for even fairly accurate results — then, as was shown m 

TT^ 

the theory of the Bunsen disk, I = If ^ and r' are very 


different, the disk should be examined and, if necessary, replaced. 

Not infrequently it is desirable to keep the photometer-head sta^ 
tionary and at a fixed distance from one source, 7, say the unknown 
(condition 6 ). In this case, the comparison source, 7i, is moved and 
the candlepower ratios are as before except that, r being constant, 


is a constant, therefore 7 = constant X — 5 = constant X — 7 , where the 

TiTi 


disk is reversed. In the third arrangement (condition c), one source, 
7i, say the knowm, is rigidly attached by means of rods connecting the 
carriage to the photometer and both photometer-head and source move 


together, the other source, 7, bemg fixed in position. 


Then 


h 


IS a 


constant and 7 = constant X = constant X tt' where disk is reversed. 
One advantage of fixed distance between the photometer and one source 
is that the inverse-square-law error can be eliminated under certain 
conditions even though the distance involved is small. 

If the substitution procedure is used, the lamp used as an intermedi- 
ary is sometimes called the comparison lamp. Call its candlepower 7^ 
and its distance from the photometer disk Then for condition a, if Is 
is the intensity of the standard lamp, r, its distance, 7 the mtensity of the 
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unknown, r its distance, 7, = ^ ^ which I — 

, if the disk is not reversed. 

In condition h, I = Isi^^ and in condition c, 7 = ‘ Wkere the 

disk is reversed, the equations should be altered as before Obviously, 
then, the last two arrangements are to be used if possible. A fourth 
arrangement, which is available and sometunes used, is to move a 
mirror or a pair of mirrors. But the principle is the same. To avoid 

confusion in all cases, work from the equation E — ^ 

Rotating Sectored Disk. — The illumination on the photometer disk 
can be changed by interceptmg the hght beam with a rapidly rotating 
disk havmg sector openings cut in it. These disks should be so con- 
structed and should be rotated at such a speed that no evidence of 
flicker appears in the photometnc field To facihtate this the openings 
are generally arranged symmetrically so that the mtervals between the 
passing of an open sector and the next open sector will be the same. 
Several types of rotatmg sectors are in use 

Fixed Opening. — The fixed-openmg sector. Fig. 74, provides a 
convenient means for reducmg the flux of a beam of hght in a known 
ratio, an operation which is often desired in order to bring a given meas- 
urement within the range of a given photometer bar For instance, 
in measurmg a 1000-watt lamp, a 12° disk will bring the candle-power 
to approximately 33 4, which can be measured with an ordinary 
40-watt lamp as a standard and with the photometer-head at the center 
of the scale. In commercial photometry, both 60- and 30-watt lamps 
can be measured without changing the comparison lamp, if a 180*^ disk 
is used. With two sets of three sectors having percentage opemngs 
of 50, 60 and 70 respectively, it is possible by combimng two at a time 
to get percentage openings oif 10, 20, 30 and 40, and such sets can now 
be purchased 

If two disks, each havmg a total opening of 180°, are arranged on the 
same axis so as to permit one to be moved with respect to the other, 
it is possible to get any ratio from 50 per cent to 0 by changing the 
amount of the shift. Using two disks, the maximum opening can be 
made greater than 50 per cent by making the closed portions in sections 
which can be spread open like the leaves of a fan. Types of two-plate 
disks have been developed recently. 

Brodhun or Rotatmg Prism. — A third type, illustrated by the Brod- 
him sector, Fig. 75, permits of a change in the opening while the in- 
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strument is in operation. In this case, the beam is rotated past a 
stationary sector, D Two Fresnel prisms, ggij hJh, are employed for 
this purpose and the percentage opening is read from an outside scale* 
As at present constructed, the instrument is adapted to intercept 



Fig 74 Sectored Disk Mounted on Photometer Bar 


light flux in rather small beams, such as those used with spectroscopic 
apparatus. 

' Variable-sectored Disk. — For the special purpose of spectrophotom- 
etry, m which the beam to be measured enters the narrow slit of the 
colhmator, there has been devised (Fig 76) a simple form of disk in 
which the opening used can be varied while the disk is rotating. In 
this form the sides of the apertures are not radial but parts of a circle, 
and so arranged that near the center of the disk the total opening is 
almost 90 per cent, while it decreases to practically zero at the periphery. 
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Thus, by moving the axis of rotation of the disk back and forth later- 
ally, the opening in front of the slit is changed while the disk rotates, 
and a suitably cahbrated scale mdicates the effective transmission. 
Obviously such a disk can be used only where the beam is very small, 
since otherwise the transmission on one side of the beam would materi- 
ally differ from that on the other 

In all cases where disks are used, care should be taken to see that 
the entire beam is mcluded within the radial opening of the disk. As- 
suming the disk to be large enough imtially, this can be accomplished 
by seeing that the disk is placed close enough to the photometer-head. 

Diaphragms. — H the source of hght is a uniformly diffusing surface, 
the amount of light it enuts is proportional to its area, and if a dia- 
phragm is placed before it, the hght transmitted will vary as the openmg 
in the diaphragm Thus if a uniformly diffusing surface, such as a 
block of magnesium, is placed in front of the sht of a spectroscope and 
illuminated uniformly, the hght which gets into the spectroscope will 
vary directly with the opening of the sht Again, if a convergmg lens 
is used to throw an image of the bright surface which is the source of 
hght on the photometer disk, then the lens diaphragm may be used to 
alter the intensity of the transmitted beam. 

Absorbing Media. — A fourth method of varying the illumination by 
a known amount is by the use of absorbing media. It is essential that 
such media be as non-selective in their absorption as possible. Smoked 
glass IS qmte generally used for this purpose but is somewhat selective. 

An absorbing device called a neutral tint-absorbing screen, which 
is free from the selectivity error, consists of ruled gratings such as those 
used by photo-engravers. They are simply pieces of glass with black 
hnes etched on them, and transmissions from about 80 per cent down to 
10 per cent can be obtamed by a proper choice of ratio of opaque to 
clear spacing, size and fineness of the spacing. Each of these absorbing 
screens should be cahbrated under working conditions. If two such 
black line gratings are properly mounted so that one can be moved 
with respect to the other, the transmission can be made to vary con- 
tinuously. This method of changmg the illumination is of particular 
value in cases where rotating sectored disks cannot be used, as in flicker 
photometry 

Besides the above-mentioned methods for varying the illumination 
on one side of the photometer-head disk, others have been suggested 
and are sometimes used, as, for instance, varying the angle at which the 
source is observed; or in incandescent lamp photometry, varying the 
voltage on the lamp; or in gas photometry, the height of the flame. 
But these are not used with suflScient frequency to warrant discussion. 
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It should be noted, however, that in varying the voltage of an incan- 
descent lamp, the color is also varied and this is apt to be objectionable. 

Candlepower Measurements in Various Directions. — The quantity 
to be measured will in general detemune the course to be followed 
in making the measurement 

Center of Radiation. — For candlepower in one direction, the lamp 
should be mounted so that the given direction comcides with the photo- 
metric axis or, if this is not possible, so^that the direction is normal to 
the photometer disk or makes an angle which can be duplicated for the 
hght coming from the comparison source. One of the difBculties in 
the single-direction type of measurement is to determine the proper 
point in the illuminant from which to measure the distance to the 
photometer-head disk This point is called the center of radiation. 
In the case of an incandescent lamp, it may be taken as lying on the axis 
of the lamp (in general, a line passing through the center of the base 
and the center of the filament construction) In the case of a rotating 
lamp, the center of radiation will be so close to the axis of rotation 
that it can be assumed to be on this axis for aU practical work. But 
in accurate work this point should be mentioned and the distance at 
which the measurement is made, specified. 

Mean Horizontal Candlepower. — To measure the mean horizontal 
candlepower, only a single measurement is necessary if the lamp can 
be rotated Otherwise, either a system of rotating mirrors should be 
used, or a sufficient number of measurements in different directions or 
at regular angular intervals in a horizontal plane must be made to give 
a good average. In such point-by-point measurements, if the lamps 
show a marked change in candlepower in a given region, additional 
measurements should be made in that neighborhood. The mean 
horizontal candlepower is measured practically only in the case of in- 
candescent lamps. When measurements are made with a lamp rota- 
ting there will be in most cases a continuous fluctuation of the lUumma- 
tion on the photometer disk, due either to variation m the candlepower 
m different a zimu ths, or to the filament not being properly centered 
in the bulb and with respect to the base, so that the distance from the 
filament to the disk changes during a rotation. 

Elimination of Flicker. This fluctuation causes an appearance of 
flicker in the field of view. If this flicker is marked, it is very difficult 
to make a judgment of the equahty of illumination The flicker can 
be reduced to the point where it is not objectionable by making the 
speed of rotation high enough. It can also be decreased by the use 
of a single auxihary mirror placed near the lamp and adjusted so that, 
in addition to the flux ordinarily striking the photometer disk, another 
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beam coming from the lamp at a different angle is reflected into the 
photometer. The angle should be such that if the lamp is held sta- 
tionary and the candlepower along the photometric axis is a maximum, 
the mirror is placed so that a beam in the duection from the source 
where the candlepower is a minimum is reflected into the photometer. 
Thus an average is approached and the flickermg effect reduced. 

Speed. — For carbon lamps, it was early established that the mean 
horizontal candlepower is not altered by revolving the lamp, so long as 
the speed of revolution is not so great as to cause the filament to bend 
out so as to touch the side of the bulb. Ordinary vacuum tungsten 
lamps can be rotated at a speed such that the filament does not bulge 
out, 100 r. p. m. being common practice. At faster speeds the filament 
may break. But with the introduction of the gas-fiUed tungsten 
lamp, it was found that these conditions no longer held. The candle- 
power for such lamps varies with the speed of rotation. Time will 
not be taken to discuss the reasons for this or the experimental data 
but at the Bureau of Standards, experiments showed that if a gas- 
filled timgsten lamp was rotated at a speed such that the current was 
the same as when the lamp was stationary, and if the lamp was burned 
in the proper position, the mean horizontal candlepower could be 
determined in the usual way. 

Mean Spherical Candlepower — The mean spherical candlepower 
may be obtained in one of three ways, either by measuring the candle- 
power in various azimuths and zones and computing, called the 

point-by-pomt ” method, by computation from the mean horizontal 
candlepower using the reduction factor; or by a single measurement 
with auxiliary apparatus such as a mean spherical photometer, holo- 
photometer, lumen-meter, or an “ Ulbncht ” integrating sphere. 

Computation. — By definition, the mean spherical candlepower is 
the total flux divided by the total solid angle. To compute the total 
flux, let it be assumed that the average candlepower, le, at any angle, 

measured from the vertical is known. The area of an infinitesimal 
zone at that elevation will be 27rr^ sin 6 dd. The illumination of an 


infinitesimal area of this zone will be- 


the flux, therefore, will be 


2Trr^Io sin 0 cte 


, the total flux will be 27r / J Iq sin 6 ddj and the mean 


/ -i-i 

Ib sin d do 

2 

where Ib is the average luminous intensity or mean candlepower at the 
angle B obtained by the pomt-by-pomt method, either by measurement 
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with the lamp rotating, or by a series of measurements around the 
lamp as in the case of the mean honzontal candlepower. Taking a 
vertical plane through the axis of the lamp, the distnbution curve of 
the source may be plotted m polar coordinates If the equation of 
this curve were known, a substitution for h of its value as a function 
of d would make possible a determination of the mean spherical candle- 
power. Such an integration might or might not be comphcated. 

Middle-Zone Method. — A simple procedure is as follows Divide 
the sphere into n equiangular zones. Then, in any given zone, there is 
some angle at which the product le sin d is the same as the average over 
the zone The flux in that zone, say the first above the horizontal, 
can then be written as 

C- 

Fbi = 2TrIei sin 9i f ndd = — sin di 
Jo n 


where 6i is the angle at which the candlepower is such that 4, sin di is 
the average of that product throughout the zone. Then the total flux 

would be — 2 ^ mean spherical candlepower would be 

^ X total flux or ^ sin 0. 


It is found that if 9 is taken at the middle of the zone and if 18 zones 
are used, i.e , every 10 degrees above and below the horizontal, the 
result will be correct for all distributions ordmarily encountered to 
within less than 0.5 per cent If a measurement is made at the same 
time of the mean honzontal candlepower, the ratio of the mean spher- 
ical to the mean horizontal will give the reduction factor. Any sub- 
sequent measurements of the m. h. cp. wiU enable a computation of the 
m sph. cp., in case the m h, changes. This is one of the quickest 
methods of obtaining the m sph. cp , but qmte a number of other 
methods have been suggested to compute the m. sph. cp when the 
candlepower has been measured at sufficient angles to give the dis- 
tnbution curve. The most common of these methods is known as the 
Rousseau method. 

Universal Rotator and Mirror Systems. — To measure the candle- 
power at various angles, two modes of procedure are in general use. 
If the source, either a lamp or a lamp and reflector, can be rotated, it 
may be mounted in the socket of what is called a universal rotator 
which, while the lamp is rotating about an axis in one plane, enables 
it to be set at various angles m a plane perpendicular to the first If 
the source cannot be rotated, a system of mirrors is used In this case, 
care must be exercised to see that the mirrors are as uniform in reflecting 
power as possible and that they are thoroughly cleaned. 
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Radial Photometer. — A third method of getting distribution curves 
uses what is called a “ radial ” photometer. In this case, the source to 
be measured is raised and lowered along a vertical line. It is connected 
by means of a fixed arm to the photometer-head m such a way that the 
latter is turned about a horizontal axis so that the angle of incidence 
on one side of the screen is the same as that on the other for every 
position of the lamp to be measured, 

A number of mtegrating photometers have been devised, the purpose 
of which is to give the mean spherical or mean hemispherical candle- 
power with one reading The most prominent of such instruments are 
the Mathews integrating photometer, the Blondel lumen-meter, and 
the Ulbricht integrating sphere. 

Mathews Photometer. — The Mathews instrument for measuring 
incandescent lamps consists of a series of mirrors arranged around a 



Fig 77 Ulbncht Sphere. 


semi-circular frame, so that in any zone the mirror corresponding to 
that zone is placed at an angle such that le cos 6 is the average for the 
zone This and the Blondel instrument are expensive to make and 
have been generally superseded by the Ulbricht sphere. 

/Ulbricht Sphere. — The Ulbncht sphere, Fig 77, has now come into 
use in factones as a result of the necessity for an mtegrating instrument 
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for the measurement of gas-filled timgsten lamps. It consists of a large 
hollow sphere coated on its inner surface with a white paint or other 
material of as nearly perfect diffusing power as possible, and havmg at 
one pomt a small wmdow of translucent glass set mto it. The lamp to 
be measured is placed inside of the sphere, and between it and the win- 
dow is placed a white screen so that the direct rays from the lamp do 
not strike the wmdow Then the brightness of the wmdow is directly 
proportional to the mean spherical candlepower of the source. 

Theory of the Sphere. — The proof of this principle may be derived 
as follows (Fig 78) . The illumination on any mfinitesimal element of 

© the sphere, such as da at A, wiU be due 

to direct hght from L, to hght from eveiy 
pomt such as B, due to hght from L once 
reflected, to light from every point such 
as C, due to hght from L twice reflected, etc. 
The direct illumination will be a function of 
- the candlepower of L m the direction LA 
and the distance. Call this Ela • Any pomt, 
5, receives hght directly from L and reflects 
B it to A, and hence B may be considered a 

Pig. 78. Diagram for Compu- secondary source. Let £^5 be the iUumina- 
teto of Theory o bncht infiiutesmial part of the surface 

at £ due to direct hght. Then Esh 


will be the brightness in lamberts and , the brightness in candles 


per sq. cm. 
cos 0 = 


The candlepower of dh in the direction A will be 
: cos dj where dFs us the flux incident on dh. The 


illumination at A will be 


dFsh cos 6 cos Q 


dFsk cos® 9 
47rr®cos®^ 


- = r cos e 


total illumination on da due to all light once reflected will be 
5 ) where Fc is the total flux from L. 


This would also be the total iUuniination on an infinitesimal element, 
dc, at C due to light once reflected To get the illummation on da due 
to light from dc, which has been twice reflected, take as before the 

EJc k 

brightness in candles per sq. cm, of dc = — ^ where Ec is and the 

TT O 
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csandlepower in the 


da = — ^ cos jS dc, 

' TT 


lUurmnation EcA 


EJc cos jS dc cos iS _ EJcdc _ FJCj dc 
T 4:r^ cos^ p "" Airr^ S ^ S' 


Total illumination at da due to light twice reflected = = 

^2 

Continuing this procedure, the total illumination on da will be 
equal to 

F(la) + ^k + k^ + k^ + • • • = E(la) + ’ 


If then da is shielded from the direct light from L, thereby eliminating 

F 

the term, Ei^la), the remaining lUnmmation -will be proportional to ^ • 

But this IS proportional to the mean spherical candlepower. Hence/ 
the illumination on the small window is proportional to the mean 
spherical candlepower provided it is shielded from the direct rays from 
the source. 


Errors. — The above theory applies rigorously to a perfectly difluamg 
surface and an empty sphere, and the presence of the source with its 
fittings and the screen to cut off the direct hght evidently constitute 
variations from the ideal conditions. Other variations he m the im- 
perfect diffusing character of the surface and in the presence of the 
window whose surface is a translucent milk-glass. It is beyond the 
scope of this work to go mto a discussion of these various sources of 
error It is sufficient to point out here that some of the errors can be 
minimized by using the “ substitution method of measurement, and 
this method should be used exclusively. Furthermore, where a large 
source, such as a lamp and reflector or an arc lamp, is to be measured, 
both the standard and the unknown source should be kept m the sphere, 
so that absorption by the lamp parts will be allowed for when readings 
are being taken on the standard The position of the source in the 
sphere is immaterial as long as it is not too close to the sphere wall. 
The screen used to shut off direct hght from the window should be as 
small as possible and about 0 4r distant from the lamp, where r is the 
radius of the sphere. Obviously, if the unknown and the standard are 
both m the sphere, two screens must be used, and in this case it is com- 
mon to place a third screen between the two sources. Experience has 
shown that the screens used should be opaque White blotting paper 
makes a very good screen material 
Photometer for Sphere. — In using the sphere the brightness of the 
translucent window is compared with a surface whose brightness can 
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>6 varied in a known way. Thus an lUuminometer can be used as a 
)hotometer and pointed at the window. Then a standard whose mean 
phencal candlepower has been determined by the point-by-pomt 
nethod is placed m the sphere and, the voltage of the comparison lamp 
laving been adjusted for color-match, the scale reading for brightness 
natch IS noted. If the scale is properly calibrated, the mean spherical 
landlepower of an unknown source substituted for the standard can 
)e deter min ed by direct proportionahty. 

By placing a mirror m one side of the Lummer and Brodhun pho- 
x)meter-head so as to reflect into the cube the hght coming from the 
vindow and shutting off the light from that side of the disk, measure- 
nents may be made m the usual way by keepmg the photometer sta- 
ionary and moving the comparison lamp. The mean spherical candle- 
30wer of two sources will then vary inversely as the square of the 
3orrespondmg comparison lamp distances for balance. 

Paint. — One of the early difficulties with the sphere was the findin g 
rf a suitable material to coat the interior. Such a material should have 
is high a diffuse reflecting power as possible and should be non-selective 
n its absorption, i.e , as white as possible. Furthermore, it should not 
ihange with age The effect of dust and dirt is obvious, and frequent 
"ecoatmg seems necessary where accuracy is important, although the 
substitution method of measurement tends to minimize these errors. 
Etecently a pamt has been devised especially for this purpose, and for 
cases where a similar necessity occurs, which gives promise of solving 
the difficulty Spheres have been constructed in a number of different 
sizes, but the larger the sphere, the smaller the errors due to screens, etc. 

The sphere has found qmte wide appKcation m the photometry of arc 
lamps where the intensity in a given direction is constantly changmg. 
Recently, smce the mtroduction of the gas-filled tungsten lamp, it has 
come into general use in the photometry of these lamps. It has also 
been adapted for use m measurmg reflection factors. 

Brightness Measurement. — Besides the measurement of candle- 
power, photometry is concerned with the measurement of iQumination 
and brightness. The method of measurmg the former was outlmed in 
bhe description of the Weber photometer To measure the brightness 
of a self-luminous source, such as an incandescent lamp filament, its 
intensity m a direction normal to the filament is measured This 
divided by the projected area will give the brightness If the brightness 
of a wall or other reflectmg luminous surface is to be measured, the 
lUuminometer is ujsuaUy employed, and, arranged as a photometer, has 
its tube pointed at the waU m question. In this case, the scale must be 
cahbrated m brightness units and this is done by usmg an auxiliary white 
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diffusing surface whose coefficient of diffuse reflection is known and 
illununatmg it by a source of known candlepower placed at a known 
distance 

Measurement of Reflector Units. — The measurement of lamps with 
reflectors involves a number of variations in the ordmary photometric 
procedure. In the first place, the sources are m general quite large 
and, furthermore, the hght flux is more or less controlled m its direction 
and hence the inverse square law must be apphed with reservations. 
Such sources may be divided mto two broad classes, those used for 
general interior and exterior illummation, as in stores, factories, streets, 
etc , and those used for projection purposes, such as automobile head- 
lights, searchlight^, floodhghts, motion-picture work, etc. For sources 
of the first class, it has become accepted practice, where possible, to 
place the photometer at a distance of 10 feet from the lamp and reflec- 
tor and make adjustments for a balance by moving the comparison 
lamp For sources of the second class havmg a parabolic reflector, 
measurements are made at a distance greater than that at which the 
beam has ceased to be divergent and become convergent For flood- 
hghtmg projectors, this distance seldom needs to be more than 25 
feet For large searchhghts, it may run from 1000 to 2000 feet. 

Apparent Candlepower. — Sources of the first class are usually 
measured with an ordmary photometer for their distribution curve, 
or m a sphere, m order to determine the total flux. Recently, the 
sphere has also been adapted for the measurement of searchhght beams 
and floodhghting units, but it has been more common practice to deter- 
mme the candlepower at various pomts across the beam, usmg a pho- 
tometer of the portable type. The resultmg candlepower is sometimes 
called the “ apparent ” candlepower by which is meant the luminous 
intensity which a standard lamp would have to have to produce at 
the given distance and in the given direction the illumination measured. 
While the practice has not yet been standardized, in most cases the 
distance is measured to the center of the filament as the center of 
radiation 


Color Photometry and Objective or Physical Photometry 

It has so far been assumed that the lights to be measured were either 
of the same color or else so nearly the same as not to cause inconven- 
ience or uncertainty m makmg settings But the continual tendency 
in incandescent lamps toward a hght which is relatively stronger in 
the blue radiations has made the question of heterochromatic or color 
photometry mcreasmgly important, and it has long been a factor in the 
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measurement of arc lamps and incandescent gas mantles. In deter- 
mining the candlepower of a tungsten lamp in terms of a carbon lamp 
standard, it is found necessary to make a comparison of a red-colored 
field with a blue-colored field. 

When the parts of the photometer field appear different in color, 
the e^e is confronted with the comparison not only of brightness but 
of color difference, and it is more difficult to decide when the parts ,of 
the field are equally bright or have equal contrast than under con- 
ditions of equahty of color The difficulty increases as the color differ- 
ence IS larger It is harder to remember the cntenon from lamp to 
lamp, and different observers get different results. A phenomenon 
called the “ Purkinje effect ” is also a factor and must be considered 
where weak illuminations are encountered In such cases, i e , weak 
illummation, the eye is more sensitive to blue than to red hght, and 
this may be taken as a condensed statement of the Purkmje effect. 

However, withm certain lunits of error, which widen as the color 
difference mcreases, it is possible to form a judgment as to when two 
fields illuminated by lights of different tmt appear equally bright and 
the ordinary forms of photometer can be used for the purpose Some 
observers claim the simple equahty or match type is preferable to the 
contrast type, but this seems to be a matter of habit and preference, 
just as some observers prefer the Bunsen Leeson-disk photometer to 
the Lummer and Brodhun. 

Flicker Photometer 

A type of instrument which has come mcreasmgly into prominence 
in the past few years is the so-called “ flicker ” photometer, which 
has been evolved from the work of Hood. He discovered that when 


Li 

)(- 


Fig 79 Diagrammatic Sketch of Whitman Fhcker Photometer 

two colored surfaces are alternately presented to vi6w m rapid succes- 
sion, the sensation of color disappears, or the color sensations of the 
two are mingled, although a sensation of flicker may stUl persist. More- 
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over, there is a condition of illumination of two such surfaces when the 
flicker tends to disappear It is then assumed that the illumination 
is the same on both surfaces, but this is only an assumption. Various 
photometers on this principle have 
been built The essential require- 
ment is a revolving device which 
shall present to the eye in succession 
fields illuminated by the two sources. 

Whitman's Photometer. — One of 
the simplest and earliest forms is 
that due to Whitman (Fig 79). Let 
A be a rotating sector whose solid 
portions on the side toward Li have 
a white diffusing surface. Let B be 
a stationary surface of the same ma- 
terial. Then the eye will see a sur- 
face illuminated by Li when a solid 
sector of A IS in front of the eye- 
piece, and then as A revolves and 
an open sector comes in the Ime of 
sight, B will be seen illuminated by Z/ 2 . 

Rotating-prism Type. — A com- 
mon type of instrument is one m 
which a rotating pnsm is used to 
produce the alternations m the field. 

Figure 80 shows such an instrument. 

Recently there has been made avail- 
able an attachment containing a 
rotatmg prism which can be apphed 
to an ordinary Lummer and Brodhun 
photometer to make it into a flicker 
instrument 

When this attachment is used, the 
contrast absorption strips of the 
photom^eter must be removed, other- 
wise, there will always be an out- 
standmg intensity flicker 

As a result of the latest work on this subject, the following are given 
as the requirements of a satisfactory flicker photometer 

Requirements. — First, undue tirmg of the eyes should be guarded 
against This is secured mamly by making the surroundings of the 
flickering field hght instead of dark. The intensity of the ill umin ation 



Fig. 


of 


80 Rotatmg-Pnflm Type 
Flicker Photometer 
M — Motor 
G — Photometer screen 
R — Rotatmg holder for lens Li 
and double wedge pnsm K 
La — Eye-piece lens 
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for this purpose should be equal to, or less than, the intensity of the 
comparison field. If brighter, it attracts the attention. The intensity 
and color of this surrounding field do not seem to influence the accuracy, 
at least within wide limits. It should be Uluininated uniformly and 
should be free from mechanical defects. 

Second, there should be no mechanical flicker in the comparison 
field itself. This is secured by keeping the optical system clean and 
so adjusting it that its focus is in space and not on a surface. The 
focus of the eye-piece lens, of course, should be on the plane of the 
opening through tiie external field just referred to 

Third, in securing a balance, the color fiicker (as distinguished from 
the intensity flicker) should be reduced to a minimum by a proper 
regulation of the speed of alternation of the colors 

Sensitivity. — Evidently the sensitiveness of this kind of photo- 
metric apparatus is a function of the speed of flicker, as with too high 
a speed the flicker will disappear before the so-called equahty-of- 
illumination condition is reached, and at too low a speed the flicker 
will not disappear at all. The disk, therefore, should be rotated at 
the maximum speed at which flicker disappears This speed is a func- 
tion of the degree of illumination. It may also depend on the 
observer 

It has not yet been definitely accepted by photometrists that the 
cessation of flicker indicates equahty of brightness or some other con- 
dition. But experiments are stiU being carried on to test this, and 
the latest evidence seems to show that the fiicker photometer is a 
fairly satisfactory instrument where sources with color diflFerences 
comprised in the range of ordinary incandescent lamps must be measured 
and where the illumination on the photometer disk is fairly high. If 
spectral colors are to be compared, say a red and a green, results with 
the flicker photometer differ from those with a direct comparison 
method very materially and this problem is still unsettled 

Aside from the theoretical objections to the flicker photometer, the 
use of the instrument is somewhat fatiguing to the eye. Its great 
advantage lies in the method of handhng the color diflflculty 

It IS much better, however, to work with conditions of color match 
To this end a number of methods have been and are used to make 
possible the avoidance of color difference by jumping the gap once for 
all. Thus, if the standards are carbon lamps and it is desired to meas- 
ure tungsten lamps, some method should be used to calibrate tungsten- 
lamp standards and thereafter use them in place of the carbon lamps. 
If arc lamps are to be measured in terms of mcandescent-lamp stand- 
ards, some method should be found by which the color of the standard 
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can be altered in a known manner so that the resultant light matches ^ 
the arc lamp in color. 


Crova Method 

Crova suggested an mgenious scheme which is known as the Crova 
method/^ If two sources differ in color, then the cuJ^es showing the 
relative candlepower at different wave-lengths in the visible spectrum 
will differ but there will be ^ome wave-length at which the ratio of candle- 
powers will be the same as the ratio of the candlepowers of the sources 
taken as a whole If, then, an absorbing screen is placed in the eye- 
piece of the photometer which transmits hght only of that wave-length, 
the photometric comparison of the two sources can be carried on as in 
the case of the ordinary sources not differing in color 

Theoretically, such an absorbing screen would give correct results 
only for sources whose spectral character was exactly like the first two. 
But it has been found experimentally that over ranges encountered in 
ordinary incandescent lamp work, such as the comparison of vacuum 
tungsten lamps against carbon lamps, this method can be used without 
appreciable error and has been used in at least one large factory. A 
screen which transmits as little hght as possible of wave-lengths other 
than 0 58 should be chosen for the range mentioned. 

An extension of this method, involving successive measurements 
through two screens, one a red glass, the other a green glass, has also 
been used. 

Blue Glass. — If measurements are made of a tungsten lamp against 
a carbon lamp, it is possible to find a glass of bluish tint which can be 
placed on the carbon-lamp side of the photometer-head and so alter 
the character of the hght reachmg the screen that it matches very 
closely m color the hght from the tungsten lamp. This blue glass 
screen can be calibrated once for all to determine its transmission and 
can then be used to cover the color range for which it is designed A 
series of such glasses of proper tint can be calibrated so that measure- 
ments against a carbon standard can be made with vacuum or gas- 
filled tungsten lamps or arc lamps. A recent extension of this idea is 
the use of colored filters contaimng solutions whose color can be changed 
so as to take care of any color difference ordinarily encountered m the 
measurement of incandescent lamps. 

Filter for Incandescent Lamps. — A typical solution is as follows* 

Nickel ammonium sulphate 50 gms 

Ammonium sulphate 10 gms 

Ammonia (0 90 gravity) 55 cc 

Water to 1 hter of solution 

Dilute with water contammg 10 gms of ammomum sulphate per hter. 
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The solution should be used as fresh as possible because on standing it 
dissolves the glass of the contammg vessel. Various concentrations 
of this solution in the proper kind of flat and parallel-walled glass 
receptacle will give a color match between a carbon lamp and a tung- 
sten lamp throughout the range from 3 5 down to about 0.4 watts per 
mean hemispherical candlepower. Various precautions must be used 
in connection with the employment of such filters 

The problem of color photometry is by no means settled. The 
nicest solution, if it were feasible, would be to have the question con- 
fined to the Bureau of Standards and have the Bureau furnish standard 
lamps of the desired color But at the present time, so many standards 
would be required that the cost would be almost prohibitive. 

Spectrophotometry. — An entirely different branch of photometric 
work mvolves the determination of the relative radiant flux of vanous 
wave-lengths in the visible spectrum of a source. Here the spectropho- 
tometer plays a r61e m the visible region similar to that of the radiometer 
or other energy-measuring instrument m the infra-red or ultra-violet 
parts of the spectrum. What is done is to compare, in a photometnc 
field, light of one wave-length (generally, in practice, of an extremely 
narrow region of the spectrum) from one source with that from a stand- 
ard source, contmumg this for all wave-lengths throughout the visible. 
The result for any given wave-length is a ratio of the luminous mtensity 
of the one source to that of the other for the particular wave-length. 
But this is also the ratio of the radiant flux of this particular wave- 
length of the one source to that of the other, since the visibility, jKx, 
drops out. 

The results are plotted in the form of a curve with ratios as ordinates 
and wave-lengths as abscissas. The distnbution of radiant flux of the 
standard source is known, and if it is plotted and the values at the 
vanous wave-lengths multiplied by the ratios as denved from the other 
curve, a third curve, the distribution curve of the unknown source, 
showing the relative radiant flux, will be obtained. 

It should be emphasised that this use of the instrument gives only 
relative results. It is not as yet possible to measure the actual candle- 
power of the luminous flux of a particular wave-length, because no 
unit of candlepower m red light, for instance, exists Moreover, there 
is no accepted unit of candlepower m green hght or blue hght. In 
other words, while the pentane lamp is accepted as a standard for mam- 
taining the unit of mtegral or white hght, as it is called, the mtensity 
of the pentane in the red is not accepted as a standard for red hght. 
Furthermore, if one were to try to measure a red light against the 
mtegral hght of the pentane, there is no generally accepted method, 
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no standardized method, by which to cany out the measurement. 
However, the spectrophotometer does give an idea of the quality of 
light and provides the most anal3d:ical method for determining this 
factor. This method should not be confused with the methods used in 
colorimeters, which will be discussed elsewhere. 

Physical Photometers. — Many attempts have been made to find 
photometric methods which would give results without makmg the eye 
the measuring instrument. Of course, the eye is the ultimate judge, 
but there is no reason why most of the work should not be done by 
mechanical means, leaving the standardizing to the regular photometers 
using the eye. 

Radiometer. — The first thing which would naturally suggest itself 
in the search for a so-caUed physical photometer is some form of radiant- 
flux-measurmg instrument, such as a radiometer, or bolometer, since 
what IS to be measured is associated with radiant energy But the 
trouble with the radiometer is that it does not differentiate between 
radiant flux manifested m green light, for instance, and the same amount 
of flux radiated m red. Suppose it were possible, however, to make a 
filter or other absorbmg device which could be inserted in the path of 
the light beam and which would act on each wave-length so as to reduce 
its intensity to such an extent that it had the same relative value com- 
pared to that of other wave-lengths as it has m a luminous way in 
affectmg the eye In other words, considering the energy curve of the 
source in the visible and the visibihty curve, what is needed is a filter 
which will act on the various wave-lengths so ^ to produce the same 
relative effect on the transmitted flux as would be obtamed if these two 
curves were multiplied together. Several investigators have claimed 
to produce such filters, but they are not yet used outside of the labora- 
tory One of the difficulties of such an arrangement, i.e., a radiometer 
and filter, is the small amount of energy available for measurement in 
the ordmary source 

Selenium. — A promising field of research lies in an entirely different 
direction For a number of years it has been known that selenium 
changes its electrical resistance when exposed to hght, and many at- 
tempts to utihze this phenomenon in photometry have been made 

Selenium occurs in the gray and red crystalhne form, the gray being 
hght-sensitive It is mounted in a thm layer on insulatmg material 
in an evacuated bulb so that the surface is protected from the effect of 
gases in the air. Such an arrangement is called a selenium cell It is 
connected up in an arm of a Wheatstone bridge or used m conjunction 
with a potentiometer. A high-resistance over-damped galvanometer 
is used to measure the change m resistance, the latter being high m the 
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dark and low in the light. Unfortunately, the relation between the 
candlepower of the light and the change of resistance is very comphcated 
and IS a function of the candlepower Furthermore, the sensitivity of 
the cell for light of various wave-lengths is not uniform and the curve 
is not the same as the visibihty curve of the eye Hence, the cell is not 
satisfactory for use m ordmary photometric work. It can, however, be 
used for certain classes of monochromatic comparisons, such as the 
comparison of a green and a red, in which case the sensitivity curve of 
the ceU must be known. The ceU is sensitive through a region extend- 
ing from 0 900/i to less than 0.250m in the ultra-violet, and can be used 
to measure the transparency and reflectivity of glasses and mirrors 
throughout this range. 

Photo-electric CeU, — Of late years, the photo-electric cell has come 
increasingly into prominence as a photometric instrument It is based 
on the principle that the alkali metals are the most sensitive of the metals 
to a phenomenon known as the “ photo-electric effect ” The alkah, 
sodium or potassium for instance, is put m an evacuated bulb which 
contams a platmum ring, and the alkali and the ring are connected to 
wires sealed into the bulb so that they can be used as electrodes. The 
platmum is cormected to the positive side of a battery having a voltage 
of 300, for instance. The negative side of the battery is connected to 
earth. The alkah is also connected to earth. Then there exists a 
difference of potential in the ceU of 300 volts If, now, the alkah is 
illuminated, it will be found that a small current flows in the wire 
connecting the alkah to the earth The action is electromc and no 
attempt will be made to go into the theory. The current is quite small 
but can be detected by a galvanometer if the candlepower is that of 
ordinary iUummants and the cell has a large area and the apphed 
voltage IS sufiS-cient. If the alkah circuit contains a very high resist- 
ance, 10 or 100 megohms, for instance, and an electrometer is used to 
measure the drop across this resistance, the ceU is sensitive to very small 
quantities of hght, approaching those detectable by the eye This ceU 
is already being used m astronomical photometry. 

The sensitivity to different wave-lengths is not the same, and the 
cell has a sensitivity curve with a maximum out m the violet end of the 
spectrum. Hence, if used in work where there is a color difference, an 
absorbing cell with a transmission like the visibihty curve of the eye 
would have to be used. A question equally important, if not more so, 
is the relation between the mtensity of illumination and the current 
in the alkali circuit. Considerable work has been done recently on this 
relationship For small ranges of illumination, cells can be made for 
which this relationship is linear, but for large ranges some question 
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still exists In general, it may be said that physical photometry is still 
in an experimental stage. 

PROBLEMS m PHOTOMETRY 

1 A photometer bench is 2 meters long At one end is a lamp havmg a candle- 
power of 16 m the direction of the photometer At the other end is a lamp having 
a candlepower of 30. How far from the first lamp must the photometer be placed 
to have the same lUummation from both lamps? 

2 A photometer bench scale is 200 cm between the lamp holders If the 40 
candlepower pomt on the scale comes at 120 cm from the left-hand holder, how far 
from tins holder will the 20 candlepower pomt be? The 60 candlepower pomt? 

3 A photometer bar is 250 cm between fixed hght sources. The center of the 
scale IS marked 26 candlepower Show how to compute the positions of other candle- 
power pomts so as to make the rest of the scale read directly m candlepower 

4 What IS the total lummous flux from a hefner lamp, assuming its candlepower 
to be uniform m all directions? 

6 A lamp and reflector show an average candlepower of 100 throughout a zone 
comprised between 25° and 35° from the vertical What is the flux m lumens in 
this zone? 

6 An arc lamp is 50 feet from the center of a wmdow m a house The lummous 
flux from the arc makes an angle of 60° with the plane of the wmdoW, which has an 
area of 5 sq ft. The arc has a uniform candlepower of 600 candles m all directions 
mtercepted by the window 

(a) What IS the average lUummation on the wmdow m foot-candles? 

(b) What IS the luminous flux m lumens mcident on the wmdow? 

7 The surface of a desk makes an angle of 30° with the direction m which a lamp, 
located 3 meters away, has a candlepower of 26 What is the lUummation on the 
desk at a pomt correspondmg to the given direction m lux and foot-candles? 

8 What IS the candlepower of a 200-watt lamp operatmg at 0 9 w p c m the 
direction at which an lUummometer, whose disk is 6 feet away, shows a scale reading 
Df 5 foot-candles, 

9. In the use of lamps surrounded by globes, the maximum globe-surface bright- 
less allowable to avoid glare may be taken as 0 6 candles per aq cm If the trans- 
naission factor of a spherical enclosmg shade 13 cm m diameter is 0 85, what is the 
owest permissible mean honzontal candlepower of a tungsten lamp to be used mside 
ihis shade when the reduction factor of the lamp is 0 8? 

Noth — To solve this problem, reduce to lamberts and then back to candlepower, 

10 A lamp 2 meters away has 200 candlepower m a direction makmg an angle 
)f 60° with the vertical from a picture If the reflection factor of the pamtmg is 
20 per cent m a direction 30° from the normal, what is the brightness of the pamtmg 
n that direction m milhlamberts? Wliat is the bnghtness of the glass covermg the 
lamtmg if its reflection factor in that direction is 10 per cent? 

11 A piece of white blotting paper has a reflection factor of 0 8. In usmg it to 
lahbrate an lUurmnometer, it is set 100 cm from a standard lamp the candlepower 
)f which m the direction normal to the paper is 20 What will be the bnghtness m 
nilhlamberts in any direction withm the zone 45° above and below the normal, 
vhere perfect diffusion may be assumed? What will be the bnghtness m candles 
ler sq cm withm the same zone? 
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12. The lamp of a street hght is 10 feet from the ground What is the bnghtneas 
of a spot on the pavement when viewed at an angle of 30° from the normal, at a 
distance of 100 feet from the ba^ of the lamp post, the candlepower m the direction 
of the spot bemg 200, and the reflection factor of the pavement bemg 0 2, assummg 
perfect diffusion? 

Norm — Reduce from foot-candles to milhphots and get milhlamberts. 
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CHAPTER IV 

'physiological optics 

[P. W Cobb] 

General Structure of the Eye 

The eye as an optical instrument is not essentially different from a 
photographic camera. The eyeball is nearly spherical (Fig. 81) and its 
walls are composed of three layers or coats (1) The outer coat, called 
the sclera, is fibrous in character and is the supportmg structure of the 



eyeball. Its visible portion, in front, is known as the white of the 
eye.'' At the forward pole of the eyeball it becomes clear, and has a 
shorter radius of curvature than elsewhere. This portion of the outer 
coat is called the cornea, and is the first refracting surface of the dioptric 
system. (2) The choroid coat is composed chiefly of blood vessels, and 
lies just withm the sclera, separatmg it from (3) the retina, the sensitive 
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surfacG which receives the light-impression, and which is compo^d 
piincipally of three sets of nerve-ceUs with their fibres, connecting with 
the bram through the optic nerve. 

The lens supplements the cornea La the refractive system, and is an 
elfiLstic, transparent body, contamed between two thin, fibrous layers 
known as the lens-capsule Under the action of a ring-shaped muscle, 
the cUiaiy muscle, the tension on the capsule is altered, and the result 
is an increase m curvature of the front surface of the lens, by which the 
eye is focused or accommodated for nearer objects. The iris is the 
diaphragm of the eye, and hes touching the front layer of the lens- 
capsule. Both iris and cihary muscle are to be looked upon as special- 
ized portions of the choroid. 

Refractive Apparatus of the Eye 

The spaces within the eyeball are all jBlled The anterior and pos- 
terior chambers, between the cornea and the lens-capsule, and separated 
by the ins, are filled with a watery substance, known as tlio aqueous 
(or aqueous humor, in the older terminology) The remainder of the 
eyeball, its chief bulk, is fiUed with a transparent, jelly-like matenal 
known as the vitreous, the vitreous body, or the vitreous humor. 
These media have a refractive index, 1.336, very nearly that of water. 

Refraction takes place in the eye at three surfaces at the cornea, 
and at the antenor and postenor lens-surfaces. As the cornea is of 
uniform thickness it does not, of itself, significantly modify the course 
of light passmg through it, and the refraction at its surface is taken as 
that due to a surface of the aqueous of equal curvature Thus, while 
the cornea has an index of 1 377, its effective index is 1.336. 

The lens is not uniform m its refractive mdex, but is denser at the 
center and less dense m its superficial portions. A homogeneous lens 
of the same dimensions and optical properties would have an idex of 
refraction of 1 437 It must be remembered that the lens is “ immersed” 
in media havmg a refractive mdex of 1.336, and that its refraction is 
thereby correspondingly reduced 

The dioptric system of the eye is then defined by the following average 
dimensions. 


Refracting Surfaces 



Radius of 

Refractive 


Curvature 

Index 

Cornea 

7.8 mm 

1 377 (equivalent 
1336) 

Aqueous . .. . 

. . . 

1336 

Lens, antenor surface 

10 0 TTinn 

J 1,437 (immersed) 

Lens, posterior surface 

. . 6.0 Trim 
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In accommodation for near objects, the radii of curvature of the 
anterior and posterior surfaces of the lens change to 6.0 and 6.6 mm., 
respectively. 


Diatances Intervid 

Cornea to anterior lens surface 3,6 mm 
Cornea to posterior lens surface 3 6 mm 

Cornea to retma 14 6 mm 


From Cornea 
3 6 mm 

7 2 mm 
21 8 mm 


The size of the image on the retina may be computed in toy case by 
a simple proportion, if the distance of the object, d, and any dimension, 
a, of the object, projected on a plane nomoal to the Ime of sight, are 
known. The correspondmg dimension, x, m the image is given by the 
proportion* 

d * a = 16.5 mm. * x. 


Adjustments of the Eyes 

There are compensations which make the best of the optical defects 
of the eye Accommodation, brought about by the ciary muscle, 
has already been mentioned. The eye comes qmckly to the adjust- 
ment of sharpest focus for the object looked at. The pupil contracts 
somewhat with the change from far to near in accommodation. It is 
not quite clear what purpose this contraction serves. In general, re- 
ducmg the size of the light-pencil tends to reduce the adverse effect 
of the vanous refractive errors Further, the pupU reacts quickly 
to an increase m light, by contractmg in size, and conversely by 
dilating in dim light, it thus protects the eye from sudden flooding 
with hght, and permits the entrance of more light where the illu- 
mination IS so low and vision is m consequence so dim that the 
refractive errors are of small relative importance Maximum dilata- 
tion takes place slowly m very dun light or in the dark, and is slowly 
regamed after a flash of light. Over a wide range of hght-mtensities, 
the pupil will in a short time resume its so-called physiological size of 
3 to 4 mm. diameter, when the hght is kept constant, and the change 
in the size of the pupil is consequently transient and only a partial 
explanation of the power of the eye to adapt itself to various bright- 
nesses. 

The most str ikin g and important adjustments of the two eyes, 
which go far to offset their optical defects, are those which result from 
their rapid and accurate shifts in direction The two eyes, taken 
together, perform these turmng movements every tune there is a shift 
in vision from one object to another The axes of the eyes then shift 
so as to mtersect at the new fixation pomt, be it near or far, and what- 
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ever its direction from the person seemg These movements are 
brought about by two sets of six small muscles each. These muscles 
are attached to the eyeball (Fig 82) and are housed withm the bony 
eye-socket or orbit They are mcessantly active during waking hours, 
perhaps more active than any other muscles of the body, except the 
heart The nerves which supply them with impulses to contraction 
are much larger in proportion than for any of the other body muscles. 
It rec^uires only a moment^s thought to see what accurate coordination 

is required of these muscles 


X 



and the nerve centers which 
control them, and what an 
enormous amount of activity 
they go through m the course 
of the day’s work Indeed, 



the failure of these muscles 
and nerves to function pro- 
perly IS the basis of a largo 
and important chapter in 
ophthalmology. 

The lighting engineer will 
do well to think of the eyes 
as almost continually in mo- 
tion. Experimental study 
has made it appear that the 
stops or pauses (fixations) of 
the eyes in rapid work last 
only a small fraction of a 
second Thus it becomes 


Fig 82 Extrinsic Muscles of the Eye important that the lighting 

shall be such as to make 


possible an effective impression upon the retiua in a very short time. 
Otherwise the impression will be inadequate, the eye-muscles will have 
extra work thrown upon them and become more rapidly exhausted, 
the work wiU be slow, and mistakes will be frequent 


The Structure of the Retina 

The retma is a part of the nervous system, and its structure must be 
studied as such. This study will not be difficult if one remembers 
that the umt of which the nervous system is built is the neuron, which 
is a nerve-cell plus the nerve-fibers which are a part of it Some of 
these fibers, the dendrites branch out like a tree, usually close to the 
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ell, and carry nervous impulses toward the cell. There is one other 
ber, called the axon or axite, which is very long m some cases, and 
.^hich carries impulses away from the cell, usually branching out at 
extreme end While the fibers of the neuron are continuous with 
ts cell, communication from one neuron to another is by contact only, 
he termmal “ brush ” of one axon coming into contact with the den- 
intes, or with the ceU body, of the next neuron in the neural path. 
*uch a junction is called a synapse. 

In the retina there are three sets of neurons to be considered. Be- 
inning at the peripheral extreme (remote from the brain), the end 
rgans which first respond to the action of light are the rods and the 
ones (Fig 83, 11), highly speciahzed endings which represent the 
lendrites of the first set of neurons of the retina (5, Fig. 83, II, III). 


A B 



Fiq 83 Microscopic Structure of the Retina 


lU intermediate set of neurons, the bipolar cells (Fig. 83), connect 
hese with the ganglion cells (B, IX, Fig. 83) whose separate axons 
ass over the inner surface of the retina to collect at the “ nerve-head ” 
^here they collectively form the optic nerve, through which the nerve 
npulse IS finally earned to the brain. Certain other cells (B, Fig. 
3, 4, 4) called the horizontal cells, seem to connect different parts of 
he same level of the retma, which appears also true of another variety 
f cell lying wholly withm the retina, the amacrine cells (B, Fig. 83, 1) 
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which apparently have no axon but simply branch out among the 
synaptic connections of the second and third neurons. 

It must be remembered that the retina is so disposed that the stimu- 
latmg hght passes directly upward in the figure, so that all tlio struc- 
tures must be traversed by it before the sensitive rods and cones are 
reached. 

The proportion of rods and cones varies in different parts of the 
retma. At the fovea, the point of direct and clearest vision, there are 
cones only, over an area of about 0 5 mm. diameter. Outside this the 
rods begm to appear, the cones becoimng larger and less fi'equent, 
and the rods more numerous m the more remote portions, but no part 
of the retina is free from cones. 


Changes in the Retina due to Light 

Certam changes in these structures have been found to take place 
under the influence of hght. There is a layer of cells containing dark 
pigment lymg next to the layer of rods and cones (/, Fig 83) which, 
under the influence of hght, extend forward (toward the light) forming 
delicate pigmented partitions between the individual rods, as though 
to insulate them against light, one from the other. At the same time, 
the cones move toward the hght, and away from this movement of 
the pigment 

Further, in the rods, there has been found a hght-sensitive material 
known as visual puiple. If an animal is kept in the dark for several 
hours and then killed, the retina, when removed, is found to Ixave a 
deep purple color, and to bleach rapidly when exposed to daylight. 
The retina from an eye recently exposed to strong light shows no such 
color By suitable means, the visual purple may be extracted from 
the previously darkened retma, and bleaches in solution, just as tho 
darkened retina does, under dayhght. 

The Functions of the Retina. — It is quite obvious that one can see 
at any instant much more than the object looked at directly. The 
field of vision may be mapped out by having the eye fixed on a point, 
with the other eye well covered, and moving a small object, wliite or 
colored, to find how remote it may be from the fixation point and stiU 
be visible In this way, it appears that a normal eye has a field of vision 
which IS qmte extensive. With one eye alone, objects may be seen 
about 100 outward from the fixation-point, downward 70°, inward 
60° and upward 50°. Thus the two eyes have a combined field of some 
200° extent horizontally and 120° vertically The outlying portions 
of the field do not, it is true, afford distinct vision, but appear to be 
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highly sensitive to movement. Only the center has the power of 
interpretmg fibae detail Color is not seen near the linuts given — a 
fact which may possibly be related to the relative scarcity of the cones. 
Blue and yellow are recogmzed only over an area considerably smaller 
than stated. Red is seen over a still smaller area, and green has the 
most restricted field of all. It may m general be said that the outer 
portions of the retina have chiefly the function of giving notice that 
“ somethmg is there ” One^s reaction to this is to turn the eyes, and 
possibly the head, so as to bring the image upon the more central parts 
of the retina where its details and colors can be better seen. 


Color-vision 

The questions of the why and the how of color-vision are founded 
on comparatively few facts drawn from the anatomic study of the eye, 
and on a large number of facts ehcited in the study of its functions, and 
have developed mto an enormous amount of hterature consistmg largely 
of some scores of various color-vision theories, differmg m some points 
but being in great measure restatements of the identical facts in differ- 
ent terms. 

There is every reason to think that the functions of the rods and of 
the cones are sharply differentiated. The basis of this is the distinct 
difference between the behavior of vision at low and at high intensities 
of hght In dun light there are three things noticed first, the eye be- 
comes totally unable to distmgmsh colors; second, the very center of 
the retina, where there are only cones, is relatively blind under dim 
light; third, there is the Purkmje effect, that is, the fact that the 
luminosity of the spectrum is differently distributed, in that the formerly 
red (long-wave) rays cease to affect the eye at all, the blue (short- 
wave) coming to predominate, so that the brightest part of the spec- 
trum has shifted toward the short-wave end This is to be taken in 
connection with the fact that the visual purple is found in the rods 
only, and that when it is extracted from the retma, the power of the 
different spectral energies to bleach it is exactly in proportion to their 
power to excite the eye at very low mtensities. Furthermore, there is 
a type of color-blindness in which the eye behaves exactly as the normal 
eye does at low intensities, it fails to differentiate color, is relatively or 
whoUy blmd at the very center of the visual field, and is sensitive to the 
various parts of the spectrum in the same way as the normal eye at low 
mtensities. 

These facts may be explamed by the supposition that the rods are 
excited at light-intensities too low to excite the cones, and that the 
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ones are the organs which mediate all the phenomena pertaining to 
be color sense. In the case of the type of color-blindness referred to, 
; is only necessary to suppose that the cones do not function under any 
iroumstances. This phase of the theory of vision is spoken of as the 
uphcity theory (duphcitats-tkeone) or the theory of dual function, and 
le form that vision takes at low mtensity is called twilight vision, 
ight vision, or scotopic vision. The facts of the case do not in any 
'ay contradict what is to be said of vision at high intensities, spoken 
f as day vision, dayhght vision, or perhaps best as photopic vision 
nee it takes place imder artificial light as well as under dayhght. 
Photopic vision has several phases, among which the question of 
ilor-vision is not the least interestmg. There have been for years 
VO theories, or better, two types of theories, of color-vision extant, 
hese may be classed as three-component theories, and as theories of 
itagonistic colors, respectively 

The first class is still represented by the theory of Young and Helm- 
iltz, originated over a hundred years ago, which supposes three 
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ides of response m the eye, not anatomically identified, but corre- 
)nduig to three fundamental color sensations — red, green and blue, 
^e 84 (sohd lines) may be regarded as indicatmg the degree to 
ich each wave-length of the spectrum has the power to excite these 
arate processes. The curves were deduced from a long series of 
leriments in the nnxture of lights from the various parts of the 
ctrum m accordance with the foUowmg hypothesis. A portion of 
spectrum mcluded between any two ordinates, excites the three 
cesses in proportion to the three included areas under the three 
ves respectively; a mixture of two such portions, as the three sums 
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of the areas, and two mixtures wiU match when the three sums — for 
the red, green and blue curves — are equal each to each. Thus the 
curves are a condensed statement of the facts of color mixture. Further- 
more, over certain parts of the spectrum, one color may be mixed with 
some other color to form white. The curves are so drawn that m such 
a case the sums of the red segments, the green segments and the blue 
segments are all equal. Two such colors are said to be complementary. 
Thus the extreme red of the spectrum has a complementary in the 
bluish-green at wave-length 0 490-0.495 /z, while the extreme violet has 
a complementary in the greenish-yellow at wave-length 0 565-0.570 
the mid-region of the spectrum between these limits being unique in 
havmg no complementary in the spectrum. To complement it, two 
lights from the two end regions of the spectrum would have to be 
mixed. 

So far, no mention has been made of a group of phenomena which 
are of great importance in connection with the theory of vision. This 
group includes the phenomena of contrast and the phenomena of 
after-images 

Contrast is noticed in a typical form when two different surfaces 
are seen in close juxtaposition Thus, a small piece of gray paper 
looks hghter when placed on a black surface, darker on a white. When 
placed on a colored surface, in general it takes on a tmge of the com- 
plementary color; eg., on red it looks greenish-blue, on yellow bluish, 
etc. This is known as simultaneous contrast. There is also an effect 
known as successive contrast, the appearance of an obj*ect is influ- 
enced in a similar way after lookmg at white, black, red, yellow, etc. 
An extreme case of successive contrast is the after-image. After one 
has gazed intently at a well-Ughted pattern, the pattern wiU be seen 
when the eyes are shifted to a uniform field; it will be seen, m general, 
in brightness and in color negative and complementary to those of the 
original pattern. 

Accor dmg to Helmholtz, the phenomena of successive contrast and 
after-images arise from unequal fatigue of the color processes in the 
retina, so that subsequently the unfatigued components react more 
strongly under equal light Hence the appearance of the comple- 
mentary colors Simultaneous contrast effects Helmholtz attributed 
to the “ psychic ” process of judgment, considering them quite analo- 
gous to the apparent reduction of stature of an ordinary man when 
seen alongside a giant These explanations have lacked much of being 
satisfactory, a fact which led to a second type of theory of color vision, 
known as the theory of antagonistic colors 

Hermg, the originator of this conception, took the ground that the 
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opposed or antagonistic (complementary) colors were attributable in 
some way to the breaking down, under the influence of hght of certain 
wave-lengths, of a certam visual substance, and to the building up of 
the same substance under light of other wave-lengths Thus, he sup- 
posed that red (e.g.) is due to the fact that a certam substance in the 
visual apparatus is chemically changed in some way by the red rays 
of the spectrum, and that when the red light is withdrawn, the change 
tends to reverse itself, resulting in a sensation of green This would 
occur in some such manner as a muscle, when it is working, uses up a 
certam amount of its substances, which is automatically restored while 
the muscle is subsequently at rest. Thus, there is the green after- 
image, and successive contrast in the direction of green. Hering 
further postulated that the action of red light on a certain part of the 
visual apparatus, in breaking down the corresponding visual substance 
in one part of the visual apparatus, called forth at the same time an 
increased buildmg up of the same material in other parts, m this way 
explaining simultaneous contrast in the direction of green. The follow- 
ing scheme mdicates the way in which this theory interprets the vanous 
color sensations, includmg white and black In physiological terms, 
the breakmg down of tissue substance is referred to as dissimilation 
or katabolism, the buildmg up as assimilation or anabolism. 


Phase 


Semary effect 


Breaking down, i 

1 

2 

3 

dissmulation, or 
katabolism J 

Buildmg up, j 

Red 

Yellow 

White 

aflRiTmlfl.tion, or 
anabolism J 

Green 

Blue 

Black 


These three hypothetical components of the visual process are re- 
ferred to as the red-green substance, the yellow-blue substance and the 
white-black substance. 

Even though not accepting this theory in its original form and t3dng 
up the opposed or complementary color processes with the physio- 
logical construction and destruction of tissue substance, as this view 
of color-vision does, one is compelled by the facts to group the various 
visual quahties — the colors, mcluding white, black, etc. — in some 
such way. This imphes that the colors of the opposed pair are antago- 
nistic or inccmipatible in the sense that they cannot coexist. It is pos- 
sible to see red and green at once, or yellow and blue at once, but not 
in the same place. A reddish-green or a yeUowish-blue is unthink- 
able — the two cancel each other just as acid and alkali cancel each 
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other in the same solution, usually leavmg an excess of one or the 
other, but not of both, the two havmg offset each other's characteristics 
m forming a neutral salt. In the case of the mixture of antagonistic 
colors, the mutual cancellation results in a gray, or m a color resem- 
bling one or the other of the components with an admixtiue of gray, 
greater or less according to circumstances. 

By way of summary, it is to be said that these two theories have 
been described as being typical, and each as representmg a certain 
group of facts The three-component theory, originally proposed by 
Young, and developed by Helmholtz and his followers, takes account 
of the experimental facts of color-mixture and of certain facts noted m 
cases of color-blindness; while the theory of antagonistic pairs of 
colors is based primanly on other groups of facts, those relating to 
after-images and to contrast It would thus be difficult to give prefer- 
ence to one of these views to the exclusion of the other It is rather to 
be said that a complete account of color-vision is less simple than 
either, and will have to include as much of both theories as is essential 
to the facts. 

Lightiag and Vision. — An important question, which has not in the 
past been as well understood as it should be, is What determines 
the amoimt of the hght-flux actmg upon one element of the retina, say 
upon one rod or upon one cone?” 

Obviously, this amount of flux is proportional to the illumination 
upon the retina. If one thinks of a small part of an image upon the 
retina, this part wiU be described by statmg its area and its illumination. 
It is due to a certain light-flux which enters the pupU and which comes 
from that part of a surface, outside the eye, which is so imaged. For 
the eye, any such element of surface, forming part of the object seen, 
is essentially a source of light and may be treated as such It has a 
certain brightness, 6, which, multiphed by its radially projected area, 
gives the luminous intensity of the element in the direction from 
which the brightness has been measured.^ If the eye is at a distance 

the niiumnation at the eye due to the element s will be. 

E = bAs-\ 

y.2 

1 The photometnc terms used here, notably the terms lummous flux, lummous 
ptonsity, fllummation and brightness, and the correspondmg concepts have been 
leflned (pp 165-170, 174) The significance of the discussion which follows rests 
ipon a clear understanding of what is meant by these terms, and notably upon the 
lifFerence between illummation and brightness, which, as different thmgs, are 
m no account to be confused 
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and the flux reaching the retina: 


F = bAs--p^'P-h 

where p is the area of the pupil measured in air and k is the fraction of 
the flux which reaches the retma owing to absorption by the eye media. 
This flux is distributed over an area As' on the retina, which is the 
image of As; hence the illumination at the retina is 

E' = b-^r\-P k. 

As' ^ 

As • • 

If Z is the focal length of the eye, ^ substitution: 


in which k and I are coDstants for any eye, and p is the diameter of the 
pupil, constant for all parts of the retma at any instant of time. There 
follows the proposition 

The illumination at any point upon the retina is directly proportional 
to the brightness, measured in the direction of the eye, of the surface 
imaged at that point. 

Let the reader take a piece of mirror, a piece of clean white blotting 
paper and a piece of the same blotting paper soaked in ink and dried, 
and place these three side by side on a table top under a good and 
uniform illumination. He mil find that the brightness of a surface 
depends not only upon the illumination, but also upon the character 
of the surface illuminated, whether it reflects a large or small fraction 
of the incident light (comparing the white and the darkened blotting 
papers) and upon the character of the reflection, whether it is diffuse 
as in the case of the blotting paper, or direct (specular) as in the case 
of the mirror or, as in most practical cases, somethmg partaking of both 
characters, as a glossy paper or polished woodwork It is only in ex- 
ceptional cases that the hnghtness of a surface can be readily calculated 
from the illumination. More often, the only way to know the bright- 
ness IS by measuring it directly from the direction of the eye, which 
in most cases involves a fairly simple photometric measurement. 

Imagine the eye (or less accurately the two eyes) at the center of a 
spherical surface, upon which any visible point in the surroundings 
can be radially projected and located as to meridian and departure 
from the line of fixation, and in addition specify for each point the 
brightness (and color) of the element of the field so projected. This 
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comprises a complete account of the surrounding conditions as they 
affect vision. While these data depend upon illumination, they are 
not illumination data but hnghtness data, and if they are unfortunately 
difficult, in any case, to derive from the illumination, and bear a wholly 
different relation to the illumination in different sorts of work and in 
the case of different sorts of visual objects, the engineer must bear in 
mind that they are nevertheless the data upon which the performance 
of the eyes will depend, and as such are of the very first importance 
in lighting. 

When the conditions that affect the eyes have been defined in photo- 
metric terms, that is, m terms of bnghtnesSj and when a certain under- 
standmg of the intensity of the stimulus actmg upon any portion of 
the retina has been arrived at, the analysis of the phenomena of vision 
must go further, and show how the facts of vision depend upon the 
intensities of stimulation so expressed. With a given brightness before 
the eye, and consequently with a given iUumination or flux density 
upon the retina, what follows in vision? Or, m other words, what 
does one actually see*!* 

It is found at once that there is no simple one-to-one relation between 
photometric brightness and its visual appearance, in spite of the simple 
relation between brightness and the intensity of retmal stimulation. 
This may be understood at once by considering the simple fact that an 
object, such as a printed page, when examined imder the lowest illu- 
mination at which it IB easily read has just about the same appearance 
as under the highest lUuimnation that can be used with comfort. Direct 
sunhght furmshes an illumination stated as 6000 to 10,000 foot-candles, 
diffused dayhght from bright clouds only a fraction of this, and 2 or 3 
foot-candles makes readmg fairly easy. 

Knowmg that the ink has perhaps to the reflection factor of 
the paper, simple arithmetic will show that the ink under some of 
these conditions has actually a higher brightness than the paper has 
under others. And yet under aU these conditions the ink constantly 
looks black and the paper constantly white. 

Operation of the same principle in the opposite sense takes place in 
numerous simple experiments For example, two small pieces of gray 
paper, placed one upon a sheet of white, the other upon a sheet of black, 
will appear dark and light respectively when compared with each other. 
That is, the same brightness will look different under different con- 
ditions. This experiment may be varied m many ways, and mcident- 
ally apphes to apparent color as weU as to apparent brightness The 
foUowmg is a general statement of the facts an object of certain 
brightness and color tends to appear altered in a sense opposite to the 
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visual appearance of the background or adjacent areas — it will appear 
darker on a lighter background and mce versa, and will tend to take on 
a color complementary (antagonistic) to that of the juxtaposed area. 
This effect is mutual between any two areas : each one reacts upon the 
other. It is greater, the greater the area which induces the contrast, 
so that in the case cited the effect appears to be limited to the small, 
completely surrounded field; and it is greater, the closer the juxta- 
position, so that in a closed field, the effect is sensibly at a maximum 
with a limited area of background. 

This phenomenon of contrast, instead of being a laboratory curiosity, 
or a mere '' optical illusion,^' is an expression of a quite fundamental 
fact of vision, which is alwa 3 ^ present. Its result is the approximate 
constancy of appearance of objects under widely varying changes in 
the hghtmg, and it becomes evident in a startling way under certain 
specially devised conditions, such as those of the experiments described, 
which are not commonly encountered in the ordinary use of the eyes. 
This fundamental may be somewhat more briefly stated by saying that 
the visual organs have a tendency to refer brightness and color to a 
standard which is some sort of a mean of the field, and that vision is 
therefore a relative measure of brightness and color, with a compara- 
tively feeble power of absolute judgment. The importance of this for 
the survival of the individual, speakmg from the evolutioiiaiy stand- 
pomt, will be recognized when one reflects that he is primarily interested 
in interpreting, not hght-mtensities at aU, but objects under widely 
varymg mtensities and colors of lUummation. 

Furthermore, this relativity of vision, which one may speak of os 
compensatory or adaptive in character, is only approximate and by 
no means mathematically exact. It obviously breaks down at ex- 
tremes; m twihght lUummation, and on the other hand at dazzlmgly 
high iUununation, objects no longer appear as they do under that wide 
intermediate range of iUuminations which afford fairly clear and com- 
fortable vision; and even withm this range, careful experimentation 
shows that vision behaves differently at different levels of light intensity. 

The Limits of Vision. — In complete harmony with what has just 
been said is the fact that the least difference in bnghtness which can be 
perceived (differential threshold) is not a constant but is more neaily a 
constant fraction of the brightness itself This fact is spoken of as 
Weber's Law and it is true, withm limits, not only for vision but for 
other senses as weU For vision the fraction is stated as 1 per cent, 
so that, in general, two bnghtnesses which are in the ratio of 1 to 1 01 
wiU appear as just different. The values obtained for this fraction 
are somewhat diverse and depend upon the manner in which the bnght- 
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Fig. 85 Bnghtness-Difference Threshold qe a Function of the Ratio of 
Field Bnghtness to that of Surroundings 
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nesses are presented to the eye, upon their extent in the visual fiel 
and upon various other details of the experimental technique. A vei 
complete set of such results obtained years ago gave the critical diffe 
ence as about 1 7 per cent, nearly constant for various brightne 
levels over a fairly wide range, and increasing above and below th 
range. On the other hand, under different conditions of experimen 
the fraction may fall as low as 0 5 to 0 7 per cent (Fig 85) . In th 
connection it is to be remarked that the contrast sensitivity of the ej 
is seriously reduced if the areas compared are seen on a backgrour 
much brighter than themselves^ or, more generally, if a relative! 
large light-flux enters the eye from other directions, as from a ligl 
source within the field of vision, and also to a minor extent if the fiel( 
compared are seen on a much darker background. That is to say, tl 
question is thus complicated by the contrast conditions of the expei 
ment, in addition to the extreme absolute brightness or dimness of tl 
observed fields and the other mcidental conditions enumerated above 

It will appear that the contrast sensitivity of tlie eye is the importai 
factor m photometry The disadvantage of viewing tlic photometr 
field on a dark background, as it is ordmarily seen when looking in1 
the tube, is probably offset by certain advantages gained by thi 
arrangement. On the other hand, the photometrist should, if possibl 
see that the working field of his instrument is neither at too high n( 
too low a brightness to give the most sensitive settings The fin. 
test of the sensitivity is, of course, the reproducibility of his settini 
under identical conditions as mdicated by the in’obable error compute 
from a series of readings 

There is an absolute limit to the sensitivity of the eye for bnghtnes 
The least brightness visible in the dark (absolute threshold) is in a hig 
degree dependent upon the recent exposure of the eyes to light. 0 
coming into a dark room from bright hght the threshold is found to I 
a progressively diminishing quantity, reachmg a final niiiiiiiium in tl 
course of one hour or so. Its initial value has been found to be as muc 
as 1500 to 8000 times this ultimate minimum. This is quite in lir 
with the well-known temporary inability to see in dim light, wine 
one might say is due to the relative blinding effect of the brightnei 
from which the eyes have just come. However, to speak of it i 

blinding ” may be misleading, since it is a condition better adapte 
to vision at those higher brightnesses than is the dark-adapted sta1 
which follows a stay in darkness The return to the light-adapte 
state IS much more rapidly effected than the change from light- 1 
dark-adaptation 

The engineer should consider these facts in lighting practice, ar 
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avoid conditions which, involve sudden alterations in illumination, as 
in going from a brightly lighted room into a dimly lighted passageway, 
or turning from a brightly hghted machine to find a tool in a dimly 
lighted place. Such conditions are productive of delays m the progress 
of work and may lead to accidents, easily avoidable by weU-considered 
hghting. 

The smallest visible object is measured by its visual angle, that is, 
by the angle it subtends at the eye. The well-known ophthalmologists' 
test card is a senes of lines of different-sized letters, each of which is 
designated by the distance at which it subtends a standard visual 
angle. Thus, the letters of the 20-foot hne subtend 5 minutes m 
height at 20 feet, and the width of each stroke of the letter subtends 1 
imnute. The letters of the 40-foot line subtend the same angles at 
40 feet or twice these angles at 20 feet, and so on for the other lines. 
Usually the senes begins at the top with a single 200-foot letter, and 
runs something as follows: 120, 80, 60, 40, 30, 20, 16, 10 feet. Visual 
acmty is recorded as a fraction, the numerator of which is the actual 
distance of the subject from the test card, and the denominator the 
nominal distance of the smallest hne that is legible at that actual 
distance. Thus, V = 20/30 means that the subject just reads the 
30-foot hne at 20 feet. Although 20/20 is considered normal in prac- 
tice, many persons test 20/15 and some as high as 20/10. The one- 
minute standard (20/20) is therefore rather to be looked upon as pass- 
able than as the normal. 

It has been estimated that one retinal cone in the center of the retina, 
where clear seeing takes place, corresponds in size almost exactly to 
the optical image of an object subtendmg one minute angle in the visual 
field, and the “ limit of resolution " of the eye has been thought to 
depend upon this fact. While this may be true with sufficient hght, 
it must be remembered that in dim hght the least visual angle is much 
greater than this, and that visual acmty is a value which for a given 
eye mcreases with the light intensity Furthermore, it must not be 
forgotten m this connection that m any image-forming optical system 
a pomt m the object is represented in the image, not by a pomt, but 
by a very small diffusion circle. The effect of this fact is that while 
the relation which was shown to exist between the brightness of the 

object and the flux-density at the retma ^jB' = holds very well 

for larger areas it breaks down when, as m the case of normal visual 
acuity, the size of the image comes to be of the same order as the size 
of the diffusion circle In such a case the image cannot be treated as a 
reduced counterpart of the object, but becomes very much blurred in 
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outline and therefore correspondingly reduced as to contrast. Visual 
acuity involves two factors, the geometric image-formmg power of the 
eye as an optical instrument, and certain physiologic properties of the 
retina which are less well understood. 

The pupil of the eye reacts by a contraction in size with increase 
in light-intensity and a dilatation with decrease. The effect of the 
size of the pupillary opening is two-fold. First, it results in a relative 
change in the illumination of the retinal image, nearly proportional 
at all points This favors the retina by the resulting momentary 
partial compensation of sudden changes in the external hght conditions, 
until the eye can adapt itself to them. Obviously it can have httle 
effect on vision by contrast, smce this is principally a relative matter, 
as has been seen. It would, however, have a tendency to modify the 
least brightness perceptible, which would obviously have to be in- 
creased in proportion if the pupillary area were to be artificially reduced 
without otherwise disturbing the eye. 

A second effect of the pupillary size is to modify the sharpness of 
the image. This works m two ways. Owing to the wave-nature of 
light, the diameter of the diffraction pattern which is the image of a 
point is smaller the larger the aperture. And on the other hand, a 
larger pupil permits more of the irregularities m the refracting surfaces 
of the eye to participate in the refraction, and the image of the point 
is thereby increased in size. As a matter of fact, where the refractive 
errors of the eye are larger than normal, a contracted pupil increases 
visual acuity; whereas with eyes possessing what may be called good 
vision an optimum visual acuity is obtained when the pupil is of 3 to 
4 mm. diameter, where the compromise between these two factors is 
evidently the best This result appeared from a series of experiments 
on visud acuity with artificial pupils, and it is interesting to note the 
agreement of the result with the “ physiological ” diameter of the 
pupil above mentioned 

Up to this pomt the limit of vision has been discussed from two 
standpomts: first, the “mtensity ” threshold, the least brightness or 
brightness difference which will determine a response; and second, the 
least size (visual angle). There is a third factor involved the time 
that a stimulus must act to be effective (time threshold) 

It shoiild be evident without further explanation that every object 
which is visible, or better, every image which makes an effective im- 
pression upon the retina, (1) must be differentiated from its back- 
ground by a certain amount, (2) must cover a certain area of the retma, 
and (3) must endure for a certain period of time In the case of con- 
trast the fact was mentioned that the threshold for brightness differ- 
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ence depends upon the areas compared. In the measurement of the 
least visual angle, as with the letter-chart described, the contrast is 
high, being of the grade mduced by black ink on white paper under 
equal illumination. If the ink be reduced to a pale gray, thereby 
reducmg the contrast, the smallest legible letters wiU be larger than 
in the case of the black ink. 

In neither of these cases has the tune of action of the test object 
been considered. It has been supposed to be made adequate for easy 
observation on the part of the subject. Indeed, it is fair to suppose 
that beyond a very few seconds, there is no increase in the probability 
of a given object being seen by further mcrease m the time of exposure, 
provided the eye is imtiaUy m a state of adjustment for the conditions 
and does not undergo further adaptive or other adjustment. If how-n 
ever, the action-tune of the test object be reduced to a fraction of a 
second, such as 1/8 or 1/40, the case is different. The same object, 
just visible with leisurely observation, will become invisible and will 
have to be increased either in size or in pomt of contrast to become 
again distmgmshable. It has been established, approximately at least, 
that within certain limits there is a reciprocal relation among the 
three, brightness (or contrast), size and tune, such that if one be 
decreased one of the others must be increased in proportion m order 
that the object shall, m both cases, be just at the pomt of visibility. 
The limits that have been stated are. m size, up to 2° in the visual 
field, m tune, up to about | second. 

The importance of the time factor wUl be evident from certain facts 
that have appeared from the study of the eye-movements. It is only 
exceptionally that the eyes rest upon any object for a length of time. 
In rapid work such as in reading, the eyes do not ghde along the line 
of prmt as it is read, but jump along, making a few stops, perhaps 
two to seven m an ordinary Ime, the movements each occupying a few 
hundreths of a second and the pauses from 0.07 to 0 25 second. It 
IS during these pauses only that an effective impression upon the retma 
can be made, and thus it would appear that for rapid work of any kmd 
there is a fairly defimte lower limit of stimulation-tune determined 
by the possibihties of the muscles and of the nervous system upon 
which they depend It is probable that the eyes, as well as the hands, 
may be so tramed m a senes of predetermined movements, such as a 
routme factory or office operation, that they will execute their proper 
movements in less time than has been shown experimentally It is 
not known, however, how far this mechamcal limit of the “ natural ” 
exposure tune of the eyes may be reduced by practice. 
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Injuries from Radiation. — Two undoubted forms of injury due to 
radiation may be encountered in practice. They are characteristically 
different, although m some cases resulting from identical exposure. 

1. Blinding from too strong light, as m looking at the sun or other 
hght source of high brightness. This may also result from exposure 
to an electrical short-circmt flash of high energy, as in a power house, 
and has aflaicted mountain climbers m the snow-fields at high altitudes. 
The bhnding may be transient or may last for several hours, or may 
result in ocular disturbance persisting for weeks. 

This disturbance would seem to have its seat in the retina and to be 
due to the visible radiation exclusively The ultra-violet and the 
infra-red rays have been shown not to penetrate as far as the retina, 
except in extremely limited spectral regions adjacent to the visible. 

2. Ophthalmia electrica is a painful inflammatory disturbance of the 
conjunctiva, the mucous membrane which covers the front of the eye- 
ball and lines the hds. Its onset is usually delayed until some hours 
after exposure It begins with pnckmg and burning sensations m the 
eyes and extreme sensitiveness to hght Pam follows, accompanied 
by swelhng and the discharge of pus. In the course of ten days or so 
the eyes return to normal Mild cases do not reach the extreme state 
described, gomg no further than the pamful condition, and recovermg 
over night. A similar condition may affect the exposed slan. This 
has been called dermatitis electrica and is quite similar m character to 
sunburn of a correspondmg degree. 

These disturbances follow exposure to radiation rich m ultra-violet 
light, such as electric power-flashes, arc lamps, quartz-mercury lamps, 
etc. They are effectually prevented by a layer of glass (such as an 
ordinary spectacle lens) between the body surface and the source, as 
the glass absorbs the extreme ultra-violet rays. Furthermore, these 
affections are very superficial in character, smce the ultra-violet rays 
are not able to penetrate far into the tissues. 

Contrary to opimons which have been expressed, ordinary light 
sources, as they are actually used, do not constitute a danger to the 
eyes from their ultra-violet content. As a matter of fact, dayhght, 
under not unusual conditions, contams far more ultra-violet radiation 
than the light from any artificial source as used m lightmg 

There is no evidence that the infra-red rays have resulted m injury 
At least, no characteristic disease has been discovered m the many 
years that large numbers of men have been employed m iron and steel 
mills and in other occupations where they are exposed to the infra-red 
radiation m large amounts. This is probably for the reason that the 
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imm ediate heating effect of the infra-red is painfiil and is an unmistak- 
able warning which leads the mdividual to protect himself at once. 
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CHAPTER V 

FUNDAMENTAL PRINCIPLES OF ILLUMINATION 

[Ward Parrison] 

The Light Distribution Curve 

Pictorial Representation. — Figure 86 represents a common method 
of showing the manner in which the candlepower of a unit measured at 
different angles can be recorded. The value at any angle represents 
the average candlepower of the source at that angle as the source 
rotates about its vertical axis. A distribution curve is a graphical — 



Fig 86 The Area of a Distnbution Curve is not a Cntenon for Judging Light 
Output These Two Curves Represent Equal Light Outputs 
A — Distribution Curve of a Lamp m an Opal Globe 
B — Same Lamp m a Reflector Similar to that Shown m Fig 109. 


not a pictonal- representation of the hght distribution from a source, 
^though Its general shape might convey the contrary impression. It 
IB simply a convenient engineering method of presentmg tabulated data 
graphically. 
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The area of a distribution curve is not a criterion of the total amount 
of light emitted by a source. In Fig. 86 both curves shown are taken 
from units giving exactly the same total lumens with different distribu- 
tions of candlepower; although Curve B appears to represent much 
more hght than Curve A, the amount of light given off is the same in 
each case. 

Interpretation of Mean Spherical Candlepower. — Another common 
error in regard to distnbution curves is to assume that simply takmg the 
arithmetical average of the candlepowers at different angles as shown 
on the distribution curve will give the mean spherical candlepower of 
the unit represented. To make the true relation clear, assume that a 
May-pole is set up at the middle of a hemispherical hollow and that one 
girl carries a streamer making an angle of 45 degrees with the vertical 
and another carries one making an angle of 15 degrees with the vertical. 
Owing to the contour of the ground about the pole, both ribbons will 
be of the same length. Now, keeping the candlepower distribution 
curves in mind, assume that the top of the pole is the light source under 
consideration and that the length of each streamer represents the candle- 
power in its particular direction It is obvious that in order to make 
one revolution about the pole, the girl holding the 45-degree streamer 
must travel a much greater distance than the other. In other words, 
she makes a bigger contribution to the general effect produced by the 
May-pole. In fact, because of the greater circle she must describe, she 
has to do 2.7 tunes as much work as the girl cairymg the 15-degree 
streamer. In the erroneous use of a distribution curve just referred to, 
only the length of the ribbon is taken into consideration. From the 
analogy it is apparent that the zone of travel of the ribbon, or the com- 
plete zone in which the candlepower at a given angle is effective, must 
also be taken into account. Just as with the May-pole illustration the 
girl taking the 45-degree circle does 2.7 times as much work as the girl 
in the 15-degree circle, so the quantity of light (luminous flux) necessary 
to maintain an intensity of one candle throughout the 45-degree zone 
forms 2 7 tunes as big a part of the total hght output of the lamp as the 
quantity of light required to maintain one candle at 15 degrees. In 
other words, the farther up from the vertical and toward the horizontal 
the candlepower shown on the distribution curve, the more weight it 
must be given as regards its contribution to the total quantity of hght 
emitted by the source. 

Flux Computation. — In computmg the total flux of hght in various 
zones, it is usually found convenient to calculate for zones of 10 
degrees Considenng a uniform source of 1 candlepower contained m a 
sphere havmg a 1-foot radius, and dividmg the surface of this sphere 
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into 10-d6gree zones, Fig 87, it is evident that since the intensity of 
hght on all parts of the surface of this sphere is 1 foot-candle, the number 
of lumens falling withm any zone is numerically equal to one times the 
area of the surface of that zone in square feet 

Lumens = foot-candles X square feet. 

Agam, if one places in the sphere a source whose candlepower dis- 
tribution curve shows an average of 18 candlepower in the 80-90 degree 
zone, then the total lumens emitted by the source in that zone equals 



Fig 87 Surface of Sphere Divided into 10-Degree Zones 


18 times the area of the zone m square feet. In other words, to find the 
lumens emitted in any zone when the candlepower is known, multiply 
the average candlepower directed mto that zone by the area in square 
feet of that zone on a sphere of 1 foot radius. Table XXX, page 253, 
gives the areas of these zones (the multiplying factors) for each 10 
degrees 

To use these factors with the curve of any hght umt, take the candle- 
power at 5 degrees and multiply it by the 0-10 degree factor to obtain 
lumens m the 0-10 degree zone, take the candlepower at 15 degrees and 
multiply it by the 10-20 degree zone factor to obtain the lumens in the 
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10-20 degree zone, etc. The total lumens for any large zone, for ex- 
ample m the lower hemisphere, is the sum of the lumens thus deter- 
mmed in all of the 10-degree sections. 


TABLE XXX 
Areas of Zones 


Zone Area on Unit Sphere 

-T/ / tr i M - 

a ' (/ 


OMO“ 

170“-180® 

0 0964 

0 

0 

160M70° 

0 283 


160M60° 

0 463 

30 ‘^-40® 

140M50° 

0 628 

40°-60° 

130M40° 

0 774 

60°-60“ 

120M30° 

0 897 

60°-70“ 

110M20° 

0 992 

70^-80° 

100M10“ 

1 068 

80°-90° 

90°~100“ 

1 091 


Illuminatioti Computation. — In consequence of the Inverse Square 
Law, if hght rays are perpendicular to the plane of illumination, E = ^ 
where E is the illumination, I the candlepower of the source in the 


direction of the plane, and d the dis- 
tance from the source to the plane. 
Where the rays are not perpendicu- 
lar the formula becomes -E = ^ 

where oc is the angle between the 
rays and the normal to the plane 
and d is the distance from the source 
to the pomt on the plane intercepted 
by the rays m question If the 
plane be horizontal and h is the dis- 
tance of the source above the plane, 
then 

d ^(Fig 88) 

cos OC ^ ^ 

and 

„ 7 X cos® oc 



Fig 88 Ulumination on Surface Not 
at Right Angles to Light Rays 


CO^ oc • • 

Table XXXI, page 255, gives values for oc and ,3 various heights 
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(feet) of a lamp above the plane and for horizontal distances (feet) from 
a lamp, when J = 1. 

Candlepower Distribution Curves. — The calculation of illumination 
intensities m accordance with the formula just given, commonly known 
as the pomt-by-pomt method, required that the candlepower of the 
source at various angles (oc ) should be known, and to this end the use 
of the polar-distribution curve was generally adopted The greater 
simplicity (and accuracy) of the lumen method of computation has 
resulted in the point-by-point method fallmg into disuse so far as inte- 
rior hghtmg IS concerned, and distnbution curves are now employed 
principally for comparing the suitabihty of reflectors for use in a given 
location from the standpomt, particularly, of light distribution and 
light absorption. 

Reflecting and Diffusing Media. — The hght from a bare lamp is 
distributed in such a manner that under most conditions it cannot be 
employed effectively without the use of reflectors or enclosing glass- 
ware. Such accessories should not only direct light which would other- 
wise be meffective into useful angles, but should serve the additional 
purposes of modifying the brilliancy of the sburce and diflFusing the light 
to produce a soft and pleasing illumination. 

Three systems of lighting are commonly employed They are usually 
termed direct, indirect and semi-mdirect. In the so-called direct-light- 
ing system, the unit distnbutes the hght downward into the room; in 
the mdirect system, aU of the light is thrown upon the ceiling and thence 
reflected mto the room; m the semi-mdirect system, a greater part of 
the hght is thrown upon the ceihng but some of it passes through the 
bowl and directly into the room 

In each of these systems, various reflecting surfaces and transmitting 
media are used, and a knowledge of the action of such surfaces and 
media m the utilization of light is necessary to a proper selection of 
equipment. 
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TABLE XXXI 

AnqiiB Between Light Rat and Vertical, and Intbnsitt op Illumination in 
Foot-candleb on a Horizontal Plaice Produced by a Source 
QP One Candle-power 

Honaontal Diatonco from Unit, Feet 



0 

1 

2 

3 

4 

6 

0 

7 

8 

4 

0" 0' 
062600 

14* 2' 
067070 

26* 34' 
044720 

30“ 62' 
032000 

46*0' 

022100 

51*20' 

016240 

60* 19' 
010660 

00* 16' 
007640 

63 * 26' 
005600 

5 

0"0' 

040000 

11*0' 

087710 

21*48' 

032020 

30* 68' 
025220 

38" 40' 
010040 

46*0' 

014140 

60* 11' 
010600 

64 * 28' 
007860 

68*0' 

005050 

6 

0"0' 

027780 

0*28' 

026730 

18* 20' 
023720 

20* 34' 
019870 

33* 42' 
010000 

30 * 48' 
012600 

45*0' 

009820 

40* 24' 
007660 

63*8' 

006000 

7 

0"0^ 

020410 

8* 8' 
010800 

16* 67' 
018140 

23" 12' 
016860 

29“ 46' 
013300 

36* 32' 
OllOOO 

40“ 37' 
008030 

46*0' 

007220 

48* 40' 
006830 

8 

0“0' 

016030 

7" 8' 
016270 

14*2' 

014270 

20* 33' 
012830 

20* 34' 
011180 

32* 0' 
009630 

30“ 62' 
008000 

41* 10' 
006400 

46*0' 

005520 

0 

0-0' 

012360 

0*20' 

012120 

12* 32' 
011480 

18“ 20' 
010640 

23* 66' 
000430 

20*3' 

008260 

33*42' 

007110 

37* 62' 
000070 

41*38' 

006160 

10 

0“ 0' 
OlOOOO 

6*48' 

000850 

ir 10' 
000430 

16“ 42' 
008790 

21*48' 

008010 

26* 34' 
007160 

30“ 68' 
000310 

36*0' 

005500 

38* 40' 
004700 

11 

0" 0' 
008260 

6* 12' 
008160 

o o 

O O 

16" 16' 
007420 

10*69' 

006860 

24* 27' 
000230 

28*37' 

005500 

32*28' 

004060 

30*2' 

004370 

12 

0“0' 

006040 

4* 46' 
000870 

9*28' 

006680 

14" 2' 
000340 

18*20' 

006030 

22* 37' 
006460 

26" 34' 
004070 

30* 16' 
004480 

33*42' 

004000 

13 

0“0' 

006020 

4" 24' 
006870 

8*45' 

005710 

13*0' 

006470 

17*0' 

006170 

21*2' 

004810 

24*46' 

004470 

28" 18' 
004040 

31*34' 1 
003660 

14 

0“0' 

006100 

4*6' 

006000 

8® 8' 
004960 

12*0' 

004770 

16“ 67' 
004540 

19*30' 

004260 

23* 12' 
003900 

26* 34' 
003650 

20“ 46' 
003340 

16 

O^O' 

004440 

3*40' 

004420 

7*30' 

004330 

11* 19' 
004100 

14* 66' 
004010 

18* 26' 
003800 

21*48'~ 

003500 

26*1' 

003310 

28* 4' 
003060 

16 

0“0' 

003010 

3*36' 

003880 

7*8' 

003820 

10* 37' 
003710 

14*2' 

003670 

17*26' 

003300 

20*33' 

003210 

23 * 38' 
003000 

20*34 

002800 

17 

0*0' 

003460 

3*22' 

003440 

0*42 

003300 

10*0' 

003310 

13" 16' 
003100 

16* 24' 
003000 

19* 26' 
002900 

22 * 23' 
002740 

26*12' 

002660 

18 

o-o' 

003000 

3*11' 

003070 

0*20' 

003030 

9*28' 

002970 

12" 32' 
002870 

16*32* 

002760 

18* 20' 
002640 

21* 14' 
002600 

23" 66' 
002360 

10 

0® 0' 
002770 

3*1' 

002700 

6*0' 

002730 

8*68' 

002070 

11*63' 

002000 

14*46' 

002610 

17*31' 

002400 

20* 13' 
002290 

22* 60' 
002170 

20 

0*0' 

002600 

2*61' 

002400 

6*43' 

002400 

8*32' 

002420 

11* 10' 
002300 

14*2' 

002280 

10*42' 

002100 

19® 17' 
002100 

21*48' 

002000 

21 

0*0' 

002266 

2* 44' 
002268 

6*20' 

002230 

8* B' 
002200 

10* 47' 
002160 

13*24' 

002096 

15*67' 

002014 

18* 26' 
001035 

20® 61' 
001850 

22 

0*0' 

002065 

2*36' 

002000 

6“ 10' 
002047 

7*46' 

002010 

10* 20' 
001063 

12*48' 

001916 

15* 16' 
001862 

17*30' 

001786 

20*0' 

001711 

23 

0*0' 

001800 

2*29' 

001800 

4*68' 

001868 

7*20' 

001841 

9*62' 

001807 

12*10' 

001763 

14*37' 

001711 

17*9' 

001640 

19*11' 

001692 

24 

0" 0' 
001736 

2*23' 

001730 

4*46' 

001716 

7*7' 

001695 

0*30' 

001662 

11*46' 

001028 

14*2' 

001582 

16* 16' 
001636 

18*26' 

001480 

26 

0" 0' 
001600 

2" 17' 
001606 

4* 34' 
001684 

0*61' 

001606 

0*6'. 

001640 

11*19' 

001608 

13*30' 

001470 

16* 30' 
001427 

17" 46' 
001381 
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TABLE XXXI 

ANGOiB Between Light Rat and Vbhtical, and Intensity of IiiLUMiNATroN in 
Foot-candlbb on a Hobizontal Plane Produced by a Source 
OP One Candle-power — Cordirvued 


Horuontal Distance from Umt, Feet 



9 

10 

11 

1 12 

13 

1 14 

1 15 

10 

17 

18 

4 

M"2' 

004190 

68“ 12' 
003200 

70* 1' 
002490 

71*34' 

001080 

72* 64' 
001590 

74*3' 

001300 

76*4' 

001070 

75* 66' 
000900 

70* 46' 
000760 

77* 30' 
000640 

5 

60“ 67' 
004580 

63 * 20' 
003580 

66" 34' 
002830 

07* 26' 
002280 

68*68' 

001860 

70*21' 

001520 

71*34' 

001200 

72* 30' 
001000 

73 * 37' 
000000 

74 * 26' 
000770 

6 

56“ 19' 
004740 

69*3' 

003780 

61*23' 

003050 

63 * 20' 
002400 

06“ 13' 
002050 

60“ 48' 
001700 

68* 12' 
001420 

00*27' 

001200 

70“ 34' 
001020 

71*26' 

000880 

7 

62“ 7' 
004780 

66*1' 

003850 

67*31' 

003160 

69“ 45' 
002610 

61*41' 

002180 

63*26' 

001830 

04* 60' 
001540 

00" 23' 
001310 

67" 87' 
001130 

68*46' 

000070 

8 

48“ 22' 
004580 

51*20' 

003810 

63*69' 

003180 

60“ 10' 
002070 

68 * 24' 
002250 

60“ 16' 
001910 

61“ 66' 
001630 

63 * 20' 
001400 

04“ 48' 
001210 

00*2' 

001060 

g 

46“ 0' 
004370 

48*0' 

003700 

60“ 42' 
003140 

63*8' 

002070 

66“ 18' 
002280 

67“ 16' 
001900 

60*3' 

001680 

00“ 38' 
001400 

02*0' 

001260 

63"26' 

001100 

10 

41“ 59' 
004110 

46*0' 

003640 

47“ 43' 
003060 

60“ 11' 
002030 

62*20' 

002270 

64* 28' 
001900 

66“ 10' 
001710 

58“ 0' 
001490 

69*32' 

001300 

60*57' 

001160 

11 

89“ 17' 
003830 

42*10' 

003350 

46*0' 

002920 

O o 

49*46' 

002230 

61“ 60' 
001960 

63“ 46' 
001710 

56“ 30' 
001600 

67“ 6' 
001320 

68“ 34' 
001170 

12 

36“ 52' 
003660 

30*48' 

003150 

42*31' 

002780 

46*0' 

002460 

47* 17' 
002170 

40*24' 

001910 

61*20' 

001090 

63*8' 

001600 

64*40' 

001330 

60* 10' 
001190 

13 

34* 42' 
003290 

37“ 84' 
002050 

40“ 14' 
002630 

42*44' 

002360 

46*0' 

002000 

47*6' 

001870 

49“ 6' 
001060 

60“ 64' 
001480 

62“ 30' 
001330 

64“ 10' 
001100 

14 

32* 44' 
003040 

85* 32' 
002760 

88“ 9' 
002480 

40* 37' 
002230 

42*63' 

002010 

46*0' 

001800 

40* 68' 
001020 

48* 40' 
001400 

60* 31' 
001310 

62*7' 

001180 

15 

30* 68' 
002800 

33“ 42' 
002660 

36“ 16' 
002330 

88* 40' 
002120 

40*66' 

001920 

43*3' 

001740 

46*0' 

001670 

40*61' 

001420 

48* 34' 
001200 

60* 11' 
001170 

16 

29“ 23' 
002500 

32*0' 

002880 

34*80' 

002190 

36“ 62' 
002000 

39*0' 

001830 

^1* 10' 
001070 

43*0' 

001520 

46*0' 

001380 

40* 45' 
001200 

48 * 22' 
001160 

17 

27“ 64' 
002300 

30*28' 

002220 

32 * 64' 
002050 

36“ 13' 
001890 

37* 24' 
001740 

39 * 29' 
001500 

41*26' 

001460 

43*10' 

001340 

45*0' 

001220 

40*88' 

001120 

IS 

26*34' 

002210 

20*8' 

002060 

31" 26' 
001920 

83* 42' 
001780 

36" 40' 
001650 

37“ 62' 
001620 

30* 48' 
001400 

41*88' 

001200 

43* 22' 
001100 

46*0' 

001090 

ig 

26*21' 

002060 

27* 46' 
001020 

30*4' 

001800 

32“ 17' 
001670 

34*23' 

001600 

86* 23' 
001450 

38“ 17' 
001340 

40*0' 

001240 

41*40' 

001150 

43*27' 

001060 

20 

24* 14' 
001900 

26*34' 

001790 

28 * 40' 
001630 

30* 68' 
001580 

33*2' 

001470 

36“ 0' 
001370 

30“ 62' 
001280 

38“ 40' 
001100 

40“ 22' 
001110 

41*50' 

001030 

21 

23*12' 

001760 

26 * 28' 
001668 

27* 30' 
001676 

29*43' 

001435 

31*46' 

001304 

33 * 42' 
001300 

36* 32' 
001222 

37“ 10' 
001140 

30“ 0' 
001065 

40*37' 

000002 

22 

22" 16' 
001637 

24*80' 

001553 

26* 34^ 
001477 

28“ 35' 
001398 

30“ 36' 
001318 

32“ 36' 
001240 

34* 17' 
001130 

30*6' 

001088 

37* 42' 
001023 

30 * 20' 
000956 

23 

21" 22' 
001525 

23* 30' 
001456 

26 * 36' 
001386 

27*34' 

001316 

29* 29' 
001246 

31*21' 

001177 

33* 6' 
001111 

34“ 60' 
001045 

30*28' 

000084 

38“ 3' 
000023 

24 

20" 33' 
001425 

22* 36' 
001366 

24* 38' 
001302 

20*36' 

001240 

28* 27' 
001180 

30* 16' 
001118 

32*0' 

001069 

33*40' 

001000 

36“ 19' 
000043 

36 * 60' 
000890 

25 

19“ 48' 
001332 

21*48' 

001280 

23“ 46' 
001226 

26*30' 

001174 

27“ 20' 
001117 

29“ 16' 
001003 

30* 68' 
001000 

32“ 38' 
000966 

34“ 13' 
000906 

36 * 46' 
000865 
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Polished Metal and Mirrored Glass 

Leflection. — The simplest form of reflection is that which takes place 
jn a ray of light strikes a pohshed jnetal surface. As indicated m 
bch Aj Fig. 89, a ray of light having a direction 8a, on striking a 
shed metal surface, is reflected m the direction ah The angle y 
led the angle of reflection) is equal to the angle x (called the angle 
ncidence) and practically no light is reflected in other directions 
s IS called regular reflection. It will be seen, therefore, that it is 
3ible to redirect light in any desired direction by means of such a 
ace properly placed. While all polished metal surfaces reflect light 
/he manner described, they do not reflect it in like amoimts. For 



A — Reflection from Polished Surface 
B — Reflection from Mirrored Surface 

-ance, if two beams of 100 lumens each fall respectively on a polished 
er surface and on a polished aluminum surface, the silver will reflect 
Toximately 88 lumens and the aluminum about 62 lumens. In 
er words, the silver surface wiU absorb only 12 per cent of the light 
le the aluminum surface wfll absorb 38 per cent. AU of the hght 
ing on an opaque surface is either reflected or absorbed by that 
ace. 

'olished Surface Reflection. — The reflection characteristics of mir- 
id glass are similar to those of polished metal Figure 89 B shows 
path of a ray of light striking the surface of a commercial type of 
ror with silvenng on the back of the glass A small part of the 
t is at once reflected by the polished surface of the glass without 
sing through to the silvered backing; the remainder passes through 
glass to the silver, from which it is reflected through the glass 
in and out along a line parallel to the ray reflected from the upper 
ace. The fact that most of the light has to pass through the glass, 
h to and from the reflecting surface, makes the silvered mirror a 
efficient reflecting surface than the polished silver itself. For in- 
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stance, if 100 lumens strike a mirror the reflections and absorptions 
are of the following order of magnitude. 8 lumens are reflected by the 
exposed surface of the glass; 12 lumens are lost by being absorbed by 
the silvered surface; and 5 lumens are absorbed by the glass, leaving 
75 lumens which are reflected by the silvered surface, or a total of 83 
lumens reflected; the loss in the glass depends on the quality of the 
glass The deterioration of a polished metal reflecting surface in serv- 
ice is, however, a factor which usually more than offsets its liigher 
initial efliciency. 

Polished Surface Reflector. — To obtain a desired distribution from 
a polished metal or a mirrored surface, it is necessary that the contour 
of the reflector at each pomt be such that it makes equal angles with 
the incident ray at that point and the desired direction of light. For 
example, where approximately parallel rays of light are desired, as in 
the case of automobile headlights, the cross-section of the reflector will 
have to be that of a parabola. A hemispherical reflector, on the other 
hand, placed above the lamp with its center coinciding with the light 
source, will not concentrate the hght at all but will nearly double the 
candlepower at each angle in the lower hemisphere, since each ray 
that strikes the reflector is reflected back along the same line, through 
the source, and mto the lower hemisphere. Mirrored reflectors have 
a disadvantage in that they throw briUiant images of the filament, or 
striations, on the surfaces iQuminated. In practice, these striations 
are often eliminated by corrugating the reflector or frosting the lamp 
with, however, some loss m the control of the light. 

Since polished metal and mirrored surfaces follow the law of regular 
reflection, these surfaces are used m reflectors where the aim is to 
obtain accurate control of the direction of the hght. Searchlights, 
automobile headlights, and floodhghting units are the most familiar 
apphcations of polished metal reflectors used for accurate light control. 
Mirrored glass, on account of its low absorption, is also widely used for 
both direct and indirect lighting units. 

Dull-finished or Semi-matte Surfaces. — A duU-finished or semi- 
matte surface can be considered as one which has many small polished 
surfaces making innumerable slight angles with the general contour A 
surface coated with aluminum paint affords a good example. When a 
shaft of light strikes such a surface, the individual rays are reflected 
at slightly different angles, but all m the same general direction, as 
shown in Pig 90 A. This is known as spread reflection. The spread 
of the reflected beam, indicated by the angle between lines ac and ad, 
is dependent upon the degree of smoothness of the surface, the smoother 
the surface, the narrower the angle. When the reflecting surface is 
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viewed along the line ba, no distinct image of the light source is visible, 
but only a bright spot of light. 

The reflection characteristics of dull-finished or semi-matte surface 
reflectors are similar to those of reflectors having polished surfaces 
with the exception that the light is redirected with less accuracy. The 
efficiency of dull-finished reflectors in the deep-bowl shape, for example, 
unless they are carefully designed, is likely to be reduced considerably 



B — Reflection from Rough-matte Surface, 


owing to cross-reflection from one side to the other and consequent 
absorption of the light — a condition which is not so hkely to obtain 
in a polished reflector of the same shap>e. The aluminumized-steel 
reflector is the only commercial semi-matte reflector in general use. 

Rough Matte Surfaces. — If a matte surface is so rough that it has 
absolutely no sheen, as, for exam- 
ple, the surface of blotting paper 
(highly magnified, Fig. 90 B), and a 
beam of hght strikes it, the light is 
reflected from the fibers so that 
when it comes out the rays are sent 
in aU directions. The result is that 
the whole surface appears equally 
as bright from one direction as 
from another. In other words, the 
candlepower per square inch of ap- 
parent area is uniform. White blot- 
tmg paper is one of the best exam- 
ples of the diffusing type of reflecting 
surface; a good sample will reflect about 80 per cent of the hght which 
strikes it. 

Smce light which falls upon a rough surface is reflected in all direc- 
tions, it foUows that the shape of reflectors using such a surface has 
little effect on the resulting distribution of light. In Fig. 91, >S repre- 


6 



Fia 91. The Shape of a Rough-surface 
Reflector has Relatively Lattle Effect 
on Distribution 
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sents a light source at the mouth of a rough-surface reflector oc 
The light distribution is the same when the reflector is viewed frc 
below; it simply appears as a white disk. However, if a conto 
such as hbb or ccc is used rather than ooa, there will result a needl( 
absorption of hght due to cross-reflection of hght between the insi 
surfaces, and the light from S will, therefore, be utihzed to better s 
vantage with the shape aaa. 

Reflectors having a rough reflecting surface are difficult to keep cle 
and are, therefore, seldom used since, as will be seen later, opal gh 
and porcelain enamel offer the same advantages. 

Prismatic Glassware. Light Control. — Prismatic glassware, as it 
usually employed m hghtmg units, is made up of many small pris 
which compose the entire body of the reflector. The principle invob 
is that of total reflection, which is iQustrated m sketch A of Fig. \ 



Fig 92 


A — Reflection by Pnam 
B — Refraction by Prisms 

The sketch shows the path of a single light ray; the angles of the pri 
can be made such that when the light ray passes mto it and strikes 1 
back surface, he, it is reflected to the surface, ac, and out again as shov 
For all practical purposes, this reflection is the same as would be ( 
tained from a pohshed metal or mirrored surface, that is, each pri 
is the equivalent of a narrow strip of mirror. By tilting this st 
longitudinally, the direction of the reflected beam can be acciirat 
controlled, and by giving it the proper curvature, the desired distnl 
tion of all the light falling on it can be obtained The tops of i 
prisms are usually rounded slightly, which permits the transmission 
a small percentage of the hght and thus improves the appeal ance of i 
reflector Prismatic glassware of proper design does not prodi 
striations. 

^ Adv^tages. — Prismatic glassware suffers no permanent deterio 
tion with age, and smee the effect of the prisms is to reinforce the str 
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ture, the strength of the units is high They are frequently used 
preference to steel reflectors in industrial lighting, because the sm 
amount of light transmitted brightens the ceihngs and walls and gi^ 
the room a more cheerful appearance. Prismatic glassware is also us 
for refracting or changing the direction of hght ra}^ passing throug 
The pnsms used in refractors are of different shape from those used 
reflectors. The paths of hght rays through four prisms of a refract 
are indicated in Fig. 92 B. Refractors are commonly used where a ve 
broad distribution of light is desirable, as in the case of street lighting 

Since with both prismatic reflectors and refractors the light is i 
fleeted by or passed through clear glass only, the absorption is low ai 
efficiency of such glassware is of the highest order. 

Opal Glass. — Opal glass finds considerable application in illumin 
tion practice, both as a reflecting and a transmitting medium, 
general, there are two types of opal glass, classed as dense and ligl 
The properties of opal glass can be most readily understood if it 



A — Reflection and Transmission of Opal Glass 
B — Reflection from Porcelam-enamded Steel 

regarded as common glass in which fine white particles are, so to spea 
held m suspension. When a ray of light strikes this surface, part 
the light is reflected directly, as in the case of a polished metal surfai 
The remainder of the light travels through the glass in strai^t lin 
until it strikes the white particles, or any minute air bubbles which mi 
be present, whence it is dispersed m aU directions, some of it beb 
thrown back and reflected as shown m Fig 93 and the remainder beb 
transmitted through and out m aU directions. If by chance any of t 
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light passes through the glass and fails to strike any of the white par- 
ticles, it goes out in a line parallel to the one along which it entered. 
Thus, if a lamp were enclosed in a ball of opal glass, through which on 
the average, say, one ray in a hundred could pass without striking any 
of the white particles, the filament outline would be visible if viewed 
from the proper direction; in the case of sketch A of Fig. 93 this would 
be in the direction, ha\ 

The effectiveness of opal glass in redirecting hght depends upon the 
number of white particles and their density in the glass. An opal glass 
which permits only about 10 per cent of the light striking it to pass 
through is classed as very dense; light opals may allow as much as 60 
per cent to be transmitted. A totally enclosing opal glass ball may, 
however, have an overall output as high as 80 per cent, for while only 
60 per cent of the hght commg directly from the lamp to a point on the 
surface may be transmitted, sufficient light may come to this point from 
the illuminated mterior of the ball to brmg the total transmission of the 
ball up to 80 per cent. For a typical test piece of glass of the common 
commercial type with 40 per cent transmission, about 20 per cent is 
absorbed by the glass and the other 40 per cent is reflected in all direc- 
tions Dense opal glass need not necessarily be thick A thin coating 
of a dense mixture may be flashed ” on a body work of clear glass of 
ordinary thickness and thus produce what is known as flashed opal 

Porcelain Enamel. — In the famfliar enameled metal reflector, the 
surface, so far as its optical characteristics are concerned, can be con- 
sidered as a plate of opal glass m optical contact with a steel backing. 
This opal must be very dense so that as little hght as possible will pass 
through, for all the hght that penetrates to the steel backing is absorbed 
and, therefore, wasted. Enamels vary considerably in efficiency, and if, 
of two reflectors, one appears gray m comparison with the other, it is 
sure to be considerably lower in efficiency. Sketch JS, Fig. 93, shows 
the characteristic distribution of a porcelain-enameled surface on steel. 

Reflectors and Globes 

The materials most commonly used for reflectors arc porcelain- 
enameled steel, opal glass, prismatic glass, and mirrored glass. Their 
commercial applications will now be considered in greater detail 

Porcelain-enameled Steel Reflectors. — The permanence of a por- 
celain-enameled steel surface, even under unfavorable atmospheric 
conditions, its moderate cost and the ease with which it can be kept 
clean have made it the most generally employed among all industrial 
reflectors. The reflection factor of good-quahty porcelain enamel 
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ranges from 66 to 70 per cent. Wldle this value is not high, it is 
maintained permanently. Smce some porcelam enamel is inferior 
from the standpoint of reflection factor, care should be exercised in the 
selection of such reflectors. Any enamel that appears grayish or bluish 
will be of considerably lower efiSciency than one that is white. On the 
other hand, a shght yellowish cast will show little added absorption 
where tungsten lamps are used, inasmuch as the yellow rays predominate 
in the light from these lamps. As previously stated, not more than 
one-sixth of the light returned from porcelain enamel is regularly 
reflected as from a mirror; the rest is reflected diffusely, as from a de- 
polished or matte surface, and its distribution is, therefore, independent 
of the contour of a reflector of given diameter and depth. The degree 
of control which can be exercised over the distribution of light is, there- 
fore, limited, but is suflScient for most factory lighting requirements. 
The angle at which the direct hght from the lamp is cut off by the 
reflector and the area of the surface are the characteristics of most 
importance. 

Flat Cone. — The types of porcelain-enameled reflectors commonly 
employed are illustrated in Figs. 94 to 100. One of the earliest was the 
flat cone, Fig. 94. For the illumination of interiors, this unit is never 
to be recommended, since a higher intensity 
of lUummation of better quahty can be ob- 
tained with other types. The edge of the 
reflector is at or above the center of the lamp 
filament; hence, not more than one-half of the 
light is intercepted and the efficiency of the 
unit m directing light to the work is of neces- 
sity low. Much of the light of the lamp is 
emitted at or near the horizontal and, striking 
high on the walls of the room, is to a large extent wasted. No shield- 
ing of the bright filament of the lamp is afforded, hence, the glare wiU 
be pronounced except where the units are used in very high bays and 
there the waste of light is very great Where lamps are suspended 
lower, even those with frosted bulbs will be glaring That proportion 
of the total light which is received from the reflector is insufficient to 
soften shadows appreciably. 

Deep or Bowl Reflector. — The deep, or bowl reflector, illustrated in 
Fig 96, has been largely employed to give maximum shieldmg of the 
lamp filament The mistake is frequently made of assummg that since 
this reflector intercepts more light than other types, it is the most 
efficient in directing light to the work On the contrary, the output of 
typical bowl reflectors is only 66 per cent. The candlepower below the 



Fig 94 Flat Cone. 
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unit is at no angle materially greater than for the dome (Figs 96 and 
97), because of the losses resulting from cross-reflection in the reflector; 
and at the higher angles the mtensity is considerably reduced. Surfaces 
above the general level of the work are frequently inadequately lighted 
with such units, and a room with dark-toned walls is likely to appear 
dingy. While the deep reflector does shield the eye from the direct 
glare of the filament, it does not m any way modify the brightness of the 
filament images reflected from polished surfaces. Furthermore, the 





Fig 97 R L M Dome. 


surface from which the light is received is so small that sliadows are 
sharp and may prove annoying. Diffusion of the light coming directly 
from the lamp is, therefore, important. The bowl-enameled lamp 
produces the desired diffusion and is very successful when used with a 
reflector of greater diameter However, it is not so desirable with the 
bowl reflector inasmuch as the output of the imit suffers too great a 
loss. The field for the most advantageous use of bowl reflectors ls for 
somewhat localized illumination over benches and tables where the units 
are hung low. 

Dome Shape. — The dome shape. Fig 96, a mean between the flat 
and bowl types, became the standard for the majority of installations 
of vacuum tungsten lamps and steel reflectors. The output of typical 
reflectors is 76 to 80 per cent of the light generated by the lamp; the 
percentage of light utilization is as high as with any enameled unit. 
Experience shows that under most conditions the eye is sufficiently 
shielded from glare when vacuum tungsten lamps are employed, yet 
enough light is emitted at the higher angles to illuminate higher vertical 
and obhque surfaces properly The large area of the reflector provides 
a source of illumination which tends to minimize the harshness of 
shadows 

R L M Dome. — However, with gas-filled tungsten lamps in these 
reflectors, the greater brightness of the filament makes added protection 
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from glare desirable. Furthermore, this lamp, with its concentratec 
filament, makes it possible to achieve a more nearly ideal refiector desigr 
than was possible with vacuum lamps. After a thorough study of the 
requirements, a standard design was evolved which virtually combined 
the advantages of the older dome and bowl types. The angle of cut-off, 
Fig 98, was made somewhat lower than in the old form of dome and this 
gave the required added protection from direct glare without appreci- 
ably sacrificing effectiveness of illumiaation. The new reflector is 
known as the R L M (Reflector and Lamp Manufacturers’) Standard 
dome With this unit available, the field for the bowl reflector becomes 
much restricted. The general lighting of a plant can be done more 
effectively with the R L M dome in almost every case. 



Fig 98 Angje of Cut-off for Bowl, Old Dome and ELM Dome Reflectors 


Not only the angle of cut-off, but all other factors which affect the 
performance of a porcelain-enameled reflector have been considered in 
the design of the R L M Standard. The minimum diameter for each 
size of lamp, the light distribution, and the reflection factor of the 
surface are aU specified. 

Use of Clear-Bulb Lamps. — Ordinarily, clear-bulb tungsten lamps 
should not be used with dome reflectors at mounting heights of less 
than 20 feet. Above this height the nearest lamp withm the usual 
field of vision is so far removed that ordinarily the amoimt of hght 
entering the eye directly from it is insufficient to cause glare, also, 
the lighting unit subtends so small an angle at the working surface 
that shadows are not greatly softened by obscuring the lamp bulbs. 
When suspended nearer the floor, the lamps should be of the bowl- 
enameled type The output of the units is then approximately 65 
per cent. 

Reflecting Band. — Various equipments are available combining a 
flat reflector with a metal reflectmg band suspended so as to shield the 
eye from the direct view of the filament. They accomplish a desirable 
protection against direct glare, inasmuch as the direct hght is cut off 
at an angle fully as low or lower than with the bowl type of reflector. 
They are not, however, designed to reduce the bnUiancy of specular 
images of the lamp filament in the working surfaces, which so frequently 
cause the most anno5ang glare. The diffusion of hght is not so great 
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s one might assume from the dimensions of the fixture, for the light is 
ctuaUy in large measure localized to the lamp and the small reflecting 
and. The upper reflector contributes only a small part of the il- 
imination. The use of the reflecting shield may be justified as an 
mergency measure in connection with existmg installations of flat- 
one reflectors, but new installations of flat, shallow reflectors with 
eflecting shields are not to be recommended 
Angle Type. — The angle type of reflector shown in Fig 99 also finds 
ome application m industrial plants. When these reflectors are em- 
ployed for the general illumination of a shop, 
they should be attached to the walls or columns 
between bays and should be suspended not less 
than 20 feet above the floor, otherwise glare will 
be excessive when the workmen face in the direc- 




tion of the units The illumination of vertical 
surfaces is, of course, relatively high with such 


equipment. Most angle units emit a high inten- 
sity near the horizontal and, therefore, waste a 
considerable portion of the light, besides accen- 


hQ 99. Angle Type ^^^^ng glare. For bill-board or sign-hghting 
service, in which many of these reflectors are 


ipplied, the distnbution of light is favorable. In industrial plants, 
lowever, the design shown in Fig. 100, shadmg the lamp mor^e perfectly 
md directing the light downward and with greater 
ipread, often has marked advantages. In general, 
lO secure satisfactory distribution of light, angle 
•eflectors must be combined with overhead units; 
he exception would be an interior which is very 
larrow in relation to its height. 

Paint-ena m eled Steel Reflectors. — While por- 



jelain enamel has become the standard surface 
or metal reflectors, paint-enameled and alumin- 
unized units are used to a limited extent. The 
)est paint enamel has the advantage of a shghtly 
ugher initial efficiency and lower coat, but both 
hese and alummumized reflectors show marked 



leteiioration after being in service two or three 
'^ears. Hence the use of such reflectors will be 


Fig 100 Another 
Angle Type. 


ound economical only m installations of a temporary character. 

Opal-glass Reflectors and Globes. — Since an opal-glass surface re- 
lects hght diffusely m about the same manner as does porcelain enamel, 
t is not suited for use where a concentrated or otherwise accurately 
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controlled distribution is desired In addition to that reflected, some 
of the light from the lamp which would be absorbed in a steel reflector 
is transmitted through the glass The total output from opal-glass 
reflectors varies from 75 to 85 per cent of which from 10 to 35 per cent 
is in the upper hemisphere, depending upon the density of the glass. 
Opal units are available in various contours or tjqies. The bowl type, 
Fig. 101, has usually been employed. The light transmitted through 
the reflector assists in the illumination of vertical and 
obhque surfaces suflflciently to produce results ap- 
preciably better than those obtained with the bowl 
type of enameled-steel units — in fact, the illumma- 
tion results are more nearly comparable with those 
from the dome type. Since the reflectors are of 
relatively small diameter, shadows are sharp when 
ceihngs and walls are dark; however, where these 
surfaces are of light finish, much of the transmitted 
light is reflected back to the work and illuminates 
the shadows, besides adding to the efl&ciency of hght loi Opal 

utilization and rendering the appearance of the plant Glass Reflector, 
more attractive and stimulatmg. 

Glass Steel. — Recently a combination glass and steel reflector has 
been designed which retains the prmcipal advantages of the porcelain- 
enamel unit together with a small component of upward hght to il- 
lummate the walls and ceihng. 

Glass reflectors are particularly effective where favorable wall and 
ceihng conditions exist, and under these conditions the eflflciency of an 
installation of hght-density opal reflectors is only shghtly less than for 
the bowl-type steel, and about 20 per cent less than that of an installa- 
tion of steel domes under the same conditions With dense opal-glass 
units the percentage of hght utilization is of the same order as with the 
steel dome reflectors. The protection from glare is also better than 
with the hght-density glass. The dense opal reflector is, therefore, to 
be preferred in practically all cases. 

Mechanical Strength. — Opal or milk-glass is never as strong me- 
chanically as clear glass and no glass reflectors are suited for use when 
hung low on drop cords. On the other hand, m plants where they 
have been instaUed for overhead hghting in locations where they are 
reasonably free from being shattered by mechanical blows, the break- 
age has not assumed objectionable proportions. 

Bowl-enameled gas-filled timgsten lamps should be employed with 
glass reflectors which are suspended less than 20 feet above the 
floor. 





268 FUNDAMENTAL PRINCIPLES OF ILLUMINATION 


Glass Enclosing Units. — With opal enclosing globes, of glass which 
is even in density and thickness so that the globe is naif onnly luminous, 
the candlepower in any direction varies directly with the projected 
area viewed in that direction A ball globe of this kind will, therefore, 
give equal candlepower in all directions except at those few angles where 
the projected area is reduced by the fixture which supports the globe. 

A long globe or stalactite, for like reason, gives a maximum candle- 
power in the horizontal direction and less beneath the unit. Likewise 
a globe such as that shown in Fig. 102a gives its maximum candlepower 
in the vertical directions and its minimum in the horizontal direction. 



Fig 102a Glajss Enclosing 
Unit, Flattened Reflect- 
ing Top 

Furthermore, with globes of this character it has been found possible 
to have the upper portion near the holder relatively thick, thus making 
it more of a reflector. A curve such as that shown in Fig 1026 is thus 
obtained. Obviously, enclosmg globes such as these are much more 
efficient lightmg units than the ordinary baU globes. 

Diffusing globes, with or without external reflectors, give a pleasing 
appearance of brightness to the walls and ceiling of a room and also 
provide an excellent illumination of work in vertical or oblique planes. 
The wattages ordinarily employed for a given size of globe should be 
such that the brightness is not above the value which can be viewed 
with comfort and without interference with vision. 


Fig 1026, Photometnc Difltnbution Curve of 
Unit Ulustrated in Fig 102a 
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Semi-enclosing Units. — A source of low brightness and large i 
xnay be obtained in a class of “ semi-enclosing ” units, so-called bec£ 
some of the rays may emerge from the unit without first passing thro 
the diffusing glass. They consist of a diffusing glass bowl suspen 
beneath the lamp, above which is placed either an opaque reflecto 
one of dense opal glass. This upper reflecting surface is made larg 
order to produce added diffusion. The space between the lower t 
and upper reflector is sometimes left open, or it may be enclosed ^ 
clear glass. Again, the unit may be in one 
piece with a coatmg of enamel placed on the 
outside of the upper reflector and of the lower 
bowl, as in Fig. 103. To be most satisfactory, 
fixtures of this type should have a bowl of 
considerable density so that the brightness 
xnay not be excessive. Those units with the 
greatest number of the hght-transmittmg or 
reflecting surfaces exposed to dust accumula- 
tion will show the most rapid depreciation in 
service. 

Semi-indirect Bowls. — With semi-indirect 
systems, the ceiling is used as the upper re- 
flector and illumination is received from a 
larger surface than with any of the eqmpments 
previously discussed If a dense opal bowl is 
employed the brightness of the glass is of the 
same order as that of a light-finished ceiling 
above it and the maximum softness of shadows 
is secured. Light-density opal glass should be 
used for semi-indirect lighting with bowls of large dimensions only, s 
to secure low brightness with consequent freedom from glare Howe 
this leads to higher cost than when a unit of dense opal glass an( 
smaller dimensions, such as shown m Fig. 104, is employed. Sc 
indirect lighting is not considered practicable in factories except wl 
ceilings may be finished light and can be kept fairly clean, where tl 
are few obstructions near the ceiling, and where there is little dus 
dirt to settle in the bowls The effect of the last factor may be redi 
by providing conical covers of clear glass. (See Fig. 105 ) A comb 
tion of indirect lightmg with a small component of direct is hke^ 
obtained in a type of unit consistmg of an inverted enameled-m 
reflector with an open bottom, a short distance below which is suspen 
a diffusing glass plate of somewhat greater diameter, as indicatec 
Fig 106 The small amount of light reflected upward from near 






Fig 103 Semi-enclc 
Unit and Reflectoi 
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rim of the plate serves to illuminate the outer surface of the opaque 
reflector to an. acceptable brightness. Characteristic of this typ)e of 
unit is a distribution curve with practically no intensity at angles close 
to the horizontal. With a diffusing plate of hght density the brightness 
of the plate will be as high as that of light-density semi-indirect units, 



but a flat plate of this character will not prove annoying from the stand- 
point of direct glare. 

Prismatic-glass Reflectors. — Prismatic-glass reflectors, Fig. 107, 
may be designed to redirect the light with small absorption, and the 
properties of the prisms will suffer no deterioration with age In 
practice, typical units are made to transmit about 15 to 20 per cent 
above the horizontal and to direct downward 65 to 75 per cent of the 
hght from the lamp As in the case of mirrored-glass reflectors, pris- 
matic umts may be designed to give any desired control of light dis- 
tribution. Where a strongly concentrated distribution of hght is 
required, it can be secured accurately and efficiently with prismatic 
units; also it is possible to control the wider distnbutions so as to 
illuminate vertical surfaces to a relatively higher intensity than with 
enameled-steel or opal-glass reflectors. Because of the deep valleys 
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between ridges of the prisms, more labor is required m cleaning these 
reflectors than those with smooth surfaces. Loose dust on the outside 
of the reflector merely reduces the 
light transmitted to the ceiling, but 
grime and dirt in optical contact with the 
prisms nullify their reflecting properties 
and seriously impair the eflS.ciency of the 
unit. With prismatic reflectors, , unless 
frosted, shadows are sharp, as with mir- 
rored units, and on account of the bright 
specular images of the reflector they are 
not well adapted for use above pohshed 
surfaces. 

Prismatic and mirror-glass reflectors and 
prismatic-glass refractors especially de- 
signed for show-window lighting and street 
lighting are discussed in detail in the chap- 
ters devoted to these subjects. 

Mirrored-glass Reflectors. — Mirrored 
glass has a higher reflection factor than 
any other surface used in mdustrial re- 
flectors. In a reflector of high quality 
this efliciency is maintained permanently and the direction of the light 
can be controlled accurately since the reflection is 
almost entirely regular and not dilFuse. Such reg- 
ular reflection of the light, if unmodified, would, 
however, lead to striations or images of the filament 
on iQuminated surfaces. To avoid these the reflector 
is usually corrugated (Fig. 108) Images of the lamp 
filament as seen in the reflector are nearly as bright 
as the fiOiament itself; hence a reflector of a contour 
similar to a porcelain-enameled dome would be 
exceedingly troublesome from this standpoint. It is 
good practice, therefore, to use only the deeper de- 
signs in a mirrored-glass reflector This necessarily 
limits the intensity at higher angles It tends, also, 
to leave sharp shadows. From the standpomt of 
glare from polished working surfaces, a mirrored-glass 
umt, even when equipped with a bowl-frosted lamp, 
evidently is at a disadvantage inasmuch as the re- 
flector surfaces within certam angles are only shghtly less bright than 
the lamp filament itself. The output of typical units varies from 60 to 


Pnsmatio Glass Re- 
flector 



Fig 108 Mirrored 
Glass Reflector 
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85 per cent, depending upon the degree of light control exercised Their 
best application is in high bays 

Tot^y Indirect Lighting. — With totally indirect lighting (Fig. 109), 
the maximum difiFusion of light is secured, but here again, as with semi- 
indirect lighting with dense bowls, the shadows may be so suppressed 
that, in some cases, the perception of objects m their three dimensions 
is less satisfactory than with direct hghtmg units. Smce the net effi- 
ciency of light -utihzation is at best well below that 
obtained with well-designed direct fighting, it is 
particularly important that the surface of the re- 
flector be of the highest efficiency; mirrored-glass 
umts are, therefore, widely employed for this 
service. 

Characteristics of Lighting Systems 

niumination Levels. — The eye is capable of 
adapting itself to see under illumination levels which 
range from a small fraction of a foot-candle to 
several thousand foot-candles in value. At very 
low intensities the eye does not receive sufficient 
fight to enable it to distinguish color or detail, and 
at very high values a blmding effect is experienced 
which also obliterates detail Between these limits 
there is a wide range within which good vision is possible. Considera- 
tions of economy usually limit the intensities employed in artificial 
lightmg to the lower values of this range So closely is the lower limit 
approached that it is necessary in designing a hghtmg installation to 
take into consideration such factors as the color of the objects requiring 
illumination, smce objects are seen by the hght which they reflect and 
dark objects require more than light ones for equally good vision, the 
order of brightness of surroundmgs, the amount which it is considered 
expedient to apportion for the advertising value of good illumination 
and the intricacy of the work which is performed under the artificial 
lightmg. For example, a jewelry store m a small town may be brightly 
lighted at an intensity of 6 foot-candles, whereas a jewelry store located 
on a prominent busmess street in a large city will require, to be con- 
sidered well hghted, perhaps 8 to 10 foot-candles 
Foot-candle Values. — Again, the cloak and smt department of a 
large store will require a higher level of illumination than will the white- 
goods department An mdustrial plant engaged in rough-box manu- 
facture would be well hghted at 5 foot-candles; m a high-grade machine 



Fia. 109 Totally 
Indirect Unit 
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shop as much as 12 foot-candles would be desirable. The range oJ 
values given in Table XXXII has been estabhehed by experience anc 
used by various authorities in current practice. Bearing in mind the 
character of the work, tl^e fineness of detail to be observed, and the 
standard of lighting of the immediate surroundings, one should be able 
to select a suitable value from this table to serve as a basis for iUumina- 
tion calculations. It should be remembered, however, that the amouni 
so chosen can rarely be exactly provided in practice. 

The foot-candle values listed in the following table correspond tc 
present standards for different classes of industrial operations, for offices 
stores, etc. It should be remembered that the standards of lighting 
have been steadily increasing with improvement in lamps and equipmeni 
and lowered costs for power, so that the higher values given are, in 
general, the most desirable, not only from the standpoint of visual 
requirements but from the standpomt of provision for the future. 
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TABLE XXXII 

Pehbbnt Standards of Foot-candle Illumination for StorbSj 
Commercial and Pubuc Interiors 


Foot-oondleE 


Recommended 


Un( 

Co 


Department Stores and Large Specialty Stores 
Mam Floors . 

Basement Store 
Other Floors . . 

Show Windows . 

Stores of Medium Size 
Clothing Dry Goods, Furniture, Etc 
Exclusive Small Stores 
Light Goods 
Dark Goods 
Small Stores 
Art 

Automobile Supply 
Bake Shop , . . 

Book 
China , 

Cigar 
Clothing 
Confectionery . 

Dairy Products 

Decorator 

Drug 

Dry Goods 

Electrical Supply 

Florist 

Furrier 

Grocery 

Haberdashery 

Hardware . . 

Hat 

Jewelry . . 

Leather, Handbags and Trunks 

Meat 

Millinery 

Music . 

Notions. 

Piano 

Shoe 

porting Goods 
Tailor 
Tobacco 
Variety Store 
Armories, Public Halls 
Auditoriums 
Automobile Show Room 
Bank 
Lobby 

Cages and OflSces . 

Barber Shop 


10 

10 

8 


8 

8 

12 

8 

6 

6 

6 

6 

8 

8 

8 

8 

8 

8 

8 

8 

6 

8 

8 

8 

6 

8 

8 

6 

8 

8 

6 

6 

6 

8 

6 

8 

8 

10 

5 
3 
8 

6 
10 

8 
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TABLE XXXII 

Present Standards op Foot-candle Illumination for Stoebs, 
Commercial and Public Interiors — ContiTmed 


Poot<jandlea 


!)ars 

Baggage . . . . 

Daycoach, Subway 

Dining 

Mail 

Pullman 

Street Ry . 

Churches 
Auditorium 
Sunday School Room 
]lub Rooms 
Danco HaHs . 

Dental Ofhce 
Waiting Room 
Office 

Depot — Waiting 
Drafting Room 

elevators — Freight and Passenger 
Dymnasiums 

Main Exorcising Floor . ... 

Swimming Pool 
Shower Rooms 
Locker Rooms 
Fencing, Boxing, Wrestling 
lalls^ Passageways in Interiors 
lospitals 

Lobby and Reception Room 
Corridors 

Wards and Private Rooms 
With local illumination 
With no local illumination 
Night illumination 
Operating Table 
Operating Room 
Laboratories 
lotels 
Lobby 

Dining Room 
Kitchen 
Bedrooms 
Corridors 
Writing Room 
ndoor Recreations 
Basketball and Indoor Baseball 
Bowling (On Alley, Runway and Seats) 

(On Pins) 

Billiards (General) 

(On Table) 

Racquet, Handball, Squash and Indoor Tennis 
Skating RinJks 


Recommended Some 

ConditioDfi 


6 

5-10 

8 

6-12 

8 

6-12 

10 

6-12 

8 

6^12 

8 

6-12 

3 

2-4 

5 

3-6 

4 

3 -^ 

4 

3-5 

4 

3-6 

15 

10-20 

4 

3-6 

15 

10-20 

4 

3-6 

8 

6-10 

4 

3-6 

4 

3-5 

4 

3-6 

8 

6-10 

2 

1-4 

4 

3-5 

3 

2-4 

3 

2-4 

6 

4-8 

0 1 

0 1-0 2 

75 

60-100 

10 

6-12 

10 

6-12 

4 

3-6 

5 

4-8 

6 

5-10 

6 

4-8 

1 

1-2 

8 

6-10 

10 

6-12 

5 

3-6 

15 

10-20 

4 

3-6 

15 

10-20 

15 

10-20 

6 

4-8 
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TABLE XXXII 

Pebsbnt Stand abdb op Foot-candle Illumination for Stoebb, 
Commercial and Public Interiors — Continued 


Foot-oondlea 



Reoommond&d 

Under Borne 
ConditioDB 

Library 

Reading Room 

8 

5-10 

Stack l^om 

4 

3-0 

Lodge Rooms 

4 

8-6 

Lunch Room 

8 

6-10 

Market 

Moving Picture Theatre 

8 

8-10 

During Intermission 

3 

2-4 

During Pictures 

0 1 

0 1-0 2 

Museum (General) 

(On Walls) 

5 

S 

4-8 

6-10 

Office Buildings 



General Offices 

10 

0-12 

Private Offices 

10 

0-12 

File Room 

4 

:^6 

Stenographer and Bookkeeping Rooms 

10 

0-12 

Vault 

4 

3-6 

Restaurants 

Schools 

5 

4-8 

Auditorium 

5 

4-8 

Class Rooms, Library and Office 

S 

5-10 

Corridors and Stairways 

3 

2-4 

Drawing 

15 

10-20 

Laboratories 

10 

(H2 

Manual Training 

10 

0-12 

Sewing Rooms 

Study Room 

15 

10-20 

Desks 

8 

5-10 

Blackboards 

6 

4-8 

Studio 


Art and Photographic 

Moving Picture 

10 

6-12 

General 

5 

3-0 

Sets (Photographic Daylight) 

Telephone 


500-2000 

Manual Exchanges 

5 

3-0 

Automatic Exchanges 

Theatres 

10 

(i-12 

Auditorium 

4 

3-0 

Foyer 

Lobby 

5 

8 

3-0 

5-10 

Toilet and Washrooms 

5 

3-0 

Industrial 



Office 



Private, General 

10 

0-12 

Drafting Room 

15 

10-20 
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TABLE XXXII 

Present Sta2«)ards of Foor-CAiroLE Illumination for Stores, 
Commercial and Public Interiors — Continued 


Fcx)t-oandlefl 


Recommended 


Under Some 
Conditions 


Industrial 

Aisles, Stairways, Passageways and Corridors 
Assembling 
Rou^h 
Medium 
Fine 

Extra Fine 
Bakeries 

Boilers, Engine Rooms and Power Houses 
Boilers, Coal and Ash Handling, Storage Battery 
Rooms 

Auxiliary Equipment, Oil Switches and Trans- 
formers 

Switch Boards, Engines, Generators, Blowers, Com- 
pressors 
Candy Making 
Canning and Preserving 
Chemical Works 

Hand Furnaces, Boiling Tanks, Stationary Driers, 
Stationary or Gravity Crystallizing 
Mechanical Furnaces, Generators and Stills, Me- 
chanical Driers, Evaporators, Filtration, Me- 
chanical Crystallizing, Bleaching 
Tanks for Cooking, Extractors, Percolators, Nitra^- 
tors. Electrolytic Cells 
Clay Products and Cements 
Grinding, Filter Presses, Kiln Rooms 
Molding, Pressing, Cleaning and Trimming 
Enameling 

Coloring and Glazing 
Cloth Products 
Light Goods 
Dark Goods 
Dairy Products 
Electric Manufacturing 
Storage Battery, Molding of Grids 
Coil and Armature Winding, Mica Working, Insu- 
lating Processes 

Elevator, Freight and Passenger 
Forge Sh^s and Welding 
Rough Forging 
Fine Forging and Welding 
Foundries 

Charging Floor, Tumbling, Cleaning, Pouring and 
Shaking Out 

Rough Molding and Core Making 
Fine Molding and Core Making 


2 

1-2 

5 

3-6 

8 

5^10 

10 

6-12 

10-50 


8 

5-10 

3 

2-4 

5 

3-6 

6 

4 r ^ 

8 

5-10 

8 

5-10 

3 

2-4 

4 

3-6 

6 

4 r-S 

3 

2-4 

5 

3-6 

6 

4-8 

10 

6-12 

10 

6-12 

10-50 

10-50 

8 

5-10 

6 

4-8 

10 

8-16 

5 

6-6 

6 

4-8 

10 

6-12 

6 

3-6 

6 

4 r -8 

10 

1 6-12 
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TABLE XXXII 

Present Standards of Foot-candle Illttmination for Stores, 
Commercial and Public Interiors — Continued 


Foot-caucllos 


Rocommoudecl 


Under Some 
Conditions 


Glass Works 

Mix and Furnace Rooms, Casting and Lehr 
Grinding, Glass Blowing Machines, Cutting Glass to 
Size, Silvering 

Fine Grinding, Polishing, Beveling, Inspecting, 
Etching and Decorating 
Glass Cutting (cut glass), Inspecting fine 
Glove Manufacturing 
Light Goods 

Cutting, Pressing, Knitting 
Sorting, Stitching, Trimming and Inspecting 
Dark Goods 

Cuttmg, Pressing, Knitting 
Sorting, Stitching, Trimming and Inspecting 
Hat Manufacturing 

L)^ei^, Stiffening, Braiding, Cleaning and Refining 
Dark 

Forming, Sizing, Pouncing, Flanging, Finishing, 
Ironing 
Light . 

Dark 

Sewing 

Light 

Dark 

Ice Making 

Engine and Compressor Room 
Inspecting 
Rough 
Medium . 

Fine 

Extra Fine 

Jewelry and Watch Manufacturing 
Laundries and Dry Cleaning 
Leather Manufacturing 
V ats 

Cleaning, Tanning and Stretching 
Cutting, Fleshing and Stififing 
Fimshing and Scarfing 
Leather WorkiM 
Pressing and Winding 
Light . 

Dark 

Grading, Matching, Cutting, Scarfing, Sewing 
Light ... 

Dark 

Locker Rooms 


0 

4-8 

8 

5-10 

10 

6-12 

10-50 

8 

5-10 

10 

8-16 

10 

6-12 

10-50 

0 

4-8 

10 

0-12 

8 

5-10 

10 

6-12 

10 

6-12 

10-50 

0 

4—8 

6 

4-8 

10 

6-12 

15 

10-20 

10-50 

10-50 

8 

5-10 

3 

2-4 

4 

3-6 

6 

•1-8 

10 

6-12 

8 

5-10 

10 

(M2 

10 

8-16 

10-50 

4 

2-4 
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TABLE XXXII 

Present Standards of Foot-candle Illumination fob Stores, 
Commercial and Public Interiors — Continued 


Foot-candles 


lachme Shops 

Hough Bench and Machine Work 
Medium Bench and Machine Work^ Ordinary Auto- 
matic Machines, Rough Grinding, Medium 
Buffing and Polishing 

Fine Bench and Machine Work, Fine Automatic 
Machines, Medium Grinding, Fine Buffing and 
Polishing 

Extra Fine l^nch and Machine Work, Grinding 
(fine work) 
d!eat Packing 
SlaughteriM 

Cleaning, Cutting, Cooking, Grinding, Canning, 
Packing 

Ailling and Grain Foods 
Cleaning, Grinding or Rolling 
Baking or Roasting 
backing 
Rough 
Medium 
Fine 

■^aint Manufacturing 
^aint Shops 

Dipping, Spraying, Firing 

Rubbing, Ordinary Hand Painting and Fimshing 
Fine Hand Painting and Finishing 
Extra Fine Hand Painting and Finishing (Auto- 
mobile Bodies, Piano Cases, etc ) 

^aper Box Manufacturing 
Light 
Dark 

^aner Manufacturing 
Beaters, Machine, Grinding 
Calendering 

Finishing, Cutting and Trimming 
^lating , 

■^olishing and Burnishing 
Printing Industries 

Matnxmg and Casting, Miscellaneous Machines, 
Presses 

Proof Reading, Lithographing, Electrotyping 
Linotype, Monotype, Typesetting, Imposing Stone, 
Engravii^ 

[Receiving and Shipping 
Rubber Manufacturing and Products 
Calenders, Compounding Mills, Fabric Preparation, 
Stock Cutting, Tubing Machines, Solid Tire 
Operations, Mechanical Goods Building, Vul- 
canizing 

Bead Building, Pneumatic Tire Building and Finish- 
ing, Inner Tube Operation, Mechanical Goods 
Trimming, Treading 


>mineiided 

Under Some 
Conditions 

6 

4r-8 

10 

6-12 

12 

8-16 

10-60 


5 

3-6 

8 

6-10 

6 

3-6 

8 

5-10 

4 

3-6 

6 


10 

6-12 

6 

4r-8 

5 

3-6 

8 

6-10 

10 

8-16 

15 

10-50 

6 


8 

5-10 

4 

3-6 

6 

4^8 

8 

6-12 

6 

3-6 

8 

6-12 

8 

6-10 

10 

fr-12 

10-50 


4 

3-6 

8 

5-10 

10 

6-12 
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TABLE XXXII 

Pebsunt Stanbajidb of Foot-caotijb Illumination poh Stores, 
CommebciaIj and Public Interiors — Concluded 


Foot- candles 


Sheet Metal Works 

Miscellaneous Machines, Ordinary Bench Work 
Punches, Presses, Shears, Stamps, Welders, Spin- 
ning, Fine Bench Work 
Shoe Manufacturing 

Hajid. Turning, Miscellaneous Bench and Machine 
Work 

Inspecting and Sorting Raw Material, Cutting, 
Lasting and Welding (light) 

Inspecting and Sorting Raw Material, Cutting, 
Stitching (dark) 

So^ Manufacturing 

Kettle Houses, Cutting, Soap Chip and Powder 
Stamping, Wrapping ana Packing, Filling and Pack- 
ine Soap Powder 

Steel and Iron Mills, Bar, Sheet and Wire Products 
* Soaking Pita and Reheating Furnaces 
Charging and Casting Floors 
Muck and Heavy Rolling, Shearing, rough by gauge. 
Pickling and Cleaning 

Automatic Machines, Rod, Light and Cold Rolling, 
Wire Drawing, Shearing, fine by line 
Store and Stock Rooms 
Rough i 
Medium 
Fine 

Structural Steel Fabrication 
Textile Mills 
(Cotton) 

Opening and Lapping, Carding, Drawing Frame, 
Roving, Dyeing 

Spooling, Spinning, Drawing In, Warping, Weav- 
ing, Quilling, Inspecting, Knitting, Slashing 
(Silk) 

Winding, Throwing^yeing 
Quilling, Warping, Weaving and Finishing 
Light Goods 
Dark Goods 
(Woolen) 

Carding, Picking, Washing and Combing 
Twisting and Dyeing 
Drawing In, Warping 
Light Goods 
Dark Goods 
Weaving 
Light Goods 
Dark Goods 
Knitting Machines 
Tobacco Products 
Toilet and Wash Rooms 
Wood Working 

Rough Sawing and Bench Work 
Sizing, Planing, Rough Sanding, Medium Machine 
and Bench Work, Gluing, Veneering, Cooperage 
Fine and Bench and Machine Working, Fine Sanding 
and Finishing 


Rocomuieiidod 

Under Some 
Conditions 

8 

5-10 

10 

8-16 

8 

6-10 

10 

6-12 

10-50 


6 

3-6 

6 

4r-8 

2 

1-3 

4 

3-6 

6 

3-6 

8 

5-10 

3 


6 

4-8 

8 

5-10 

G 

4r8 


5 

3-6 

S 

5-10 

12 

8-16 

S 

5-10 

10 

8^16 

4 

3-6 

6 

4-8 

0 

4-8 

10 

8-16 

8 

5-10 

12 

10-20 

10 

G-12 

8 

5-10 

4 

3-6 

5 

3-6 

8 

5-10 

10 

6-12 
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lUtuxunatioii of Vertical Surfaces. — For many locations, such as 
offices and drafting rooms, hght is required principally on horizontal 
planes, such as desk tops or table tops, and for these it has been the 
custom, and not altogether an improper one, to calculate illumination 
on the basis of that dehvered to horizontal surfaces with the assumption 
that the oblique surfaces of objects would be sufficiently hghted. This 
practice may result in inadequate illumination. In a machine shop, 
for example, the lighting of the vertical surfaces of the work or of 
machine parts is fully as important as the hghtmg of the horizontal 
surfaces As a matter of fact, most shops are hghted during the day 
only by light from wmdows which give a greater light on the vertical 
surfaces than on the horizontal In all such cases where direct lighting 
is used, only those hghtmg units should be installed which show a 
reasonably good candlepower in the 60-70 degree zone as well as below 
these angles. To cite an extreme case, a shop lighted by closely spaced 
automobile headUghts directing the light downward from the ceilmg 
would furnish ample hght on a horizontal plane but such hghtmg would 
be far from satisfactory. In Table XXXIII hghting umts are com- 
pared on their relative vertical and horizontal bases. 

Diffusion of Light. — In addition to a knowledge of reflecting sur- 
faces and reflectors, a knowledge of such other factors as glare, shadow, 
and illumination of vertical surfaces — in a word, the diffusion of 
hght — is necessary before an intelhgent selection of a hghting system 
can be made. These factors all require most careful consideration if 
the best results are to be obtained. 

Glare. — By glare is meant any brightness within the field of 
vision of such a character as to cause discomfort, annoyance, inteiy 
ference with vision, or eye fatigue. AlwayB a hindrance to vision, it 
often, hke smoke from a chimney, represents a positive waste of energy 
as well. Hence, it has sometimes been characterized as hght out of 
place It is one of the faults most commonly found in aU hghtmg 
installations. 

Avoidance of Glare.^ — Glare is objectionable because (1) when 
contmued it tends to injure the eye and to disturb the nervous system; 
(2) it causes discomfort and fatigue and thus reduces the efficiency of 
the worker, and (3) it interferes with clear vision, and thus reduces 
the efficiency and in many cases increases the nsk of accident or m]ury 
to the worker. From both a humanitarian and a business viewpomt, 
the owner or operator of a factory should be interested m avoidmg 
glare, whether caused by dayhght or by artificial fight. On the other 

1 From Code of Lighting Factones, Mills and Other Work Places — prepared by 
theU S Ulummating Engineering Society. 



282 fundamental peinciples of illumination 


TABLE XXXIII 

A GUIDE TO THE SELECTION OF REFLECTING EQUIPMENT 


utMnilG iiNtr 
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TABLE XXXIII. — Concluded 


A GUIDE TO THE SELECTION OF REFLECTING EQUIPMENT 
I I FAVOMILE 


UfiHTIM UNIT 


I BASED UPON IIPPEIRINRE OF 

I riLUMI NATION I ILLUHINAT10N 
OH HORIZONTAL ON VERTICAL UBNIfcO KUDR 


DIRECT 

GLARE 


REHiCTED 

GURE 


SIAHOWS 


UIRTENIUIOE 


■ET um BKUnR jun SEM EKIOSW 





a‘raSa*-4M 

Kruiaor-jn 
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hand, in interpreting and enforcing the glare rule the inspector is not 
expected to insist upon what he may believe to be desirable practice in 
the given case; his duty is only to insure the absence of a condition 
which is prejudicial either to the health or to the safety of the worker. 

“ If a simple instrument were available for measuring glare the task 
of the inspector would be comparatively easy. However, there are so 
many factors entering into the situation that it has not been found 
practicable to develop any instrument which wiU properly evaluate 
them aU. To arrive at an intelligent judgment in any given case, 
therefore, the inspector must be reasonably famihar with the principal 
factors in or causes of glare. 

\ “ Causes of Glare. — There are five principal causes of glare. 

“ 1. Brightness of Source — The hght source may be too bright; 
that is, it may have too many candles per square inch of area. 

A glance at the sun proves that an extremely bright light source 
withm the field of vision is capable of producing acute discomfort. 
Light sources of far lower brightness than the sun, such, for example, 
as the filament of an mcandescent electric lamp or the incandescent 
mantle of a gas lamp, may also cause discomfort, although the annoy- 
ing effect IS usually not qmte so marked. 

“ 2. Total Volume of Light — The light source may be too powerful 
for comfort; that is, it may give off too great a total candlepowcr in the 
direction of the eye. 

“ Too frequently glare is assumed to be entirely a question of the 
brightness of the light source; of equal importance is the question of 
its total candlepower. Experience has shown that a 500-watt lamp 
in a 10-inch opal globe, or a mercury-vapor lamp of an equivalent 
hght output, himg 7 or 8 feet above the fioor and a similar distance 
ahead of the observer, wiU prove quite as glaring as the exposed fila- 
ment of a 50-watt incandescent lamp in the same location. The 
bnghtness of the opal-globe unit is only a few times that of a candle 
flame, but its total candlepower, and consequently the quantity of light 
which reaches the eye, is altogether too great, so that its effect is worse 
than that of the bare filament of lower candlepower, although tlie latter 
may have a brightness as high as 3000 candles per square inch An 
unshaded wmdow often causes glare, due, of course, to the large volume 
of light rather than to the high brightness of the sky 

3. Location in the Field of View — A given hght source may be 
located at too short a distance from the eye, or it may he too near the 
center of the field of vision, for comfort; that is, within too small an 
angle from the ordinary hne of sight. 

“ The 500-watt opal-globe umt discussed in the previous illustration 
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would seldom cause discomfort if placed, say, 80 feet away from the 
observer, for at this distance the total quantity of hght entering the eye 
would be only one one-hundredth of that received at 8 feet. Again, 
the same hght source would probably be found quite unobjectionable 
at a distance of 8 feet from the eye provided this distance was obtained 
by locating the lamp 4 feet ahead of the observer and 7 feet above the 
eye level; in this case the lamp would scarcely be within the ordinary 
field of view. 

“ The natural position of the eye during intervals of rest from any 
kind of work is generally in the horizontal direction, and it is desirable 
that durmg such periods the worker should be freed from the annoyance 
caused by glare. Glare is the more objectionable the more nearly the 
hght source approaches the direct hne of sight. While at work the 
eye is usually directed either horizontally or at an angle below the 
horizontal. Glarmg objects at or below the horizontal should especially 
be prohibited. The best way to remove light sources out of the direct 
hne of vision is to locate them well up toward the ceihng. Local 
lamps, that is, lamps placed close to the work, if used at all, must be 
particularly well screened. 

^'4. Contrast vnth Background — The contrast may be too great 
between the hght source and its darker surroundings. 

“ It is a common experience that a lamp viewed against a dark wall 
is far more trymg to the eyes than when its surroundings appear rela- 
tively hght. A hght background reqmres, first that the surface should 
be painted in a color which will reflect a considerable portion of the 
hght which strikes it, and second, that the system of illumination 
employed should be such as to direct some hght upon the background. 
In many cases the ceiling appears almost black under artificial hght 
simply because no hght reaches it. With dayhght, on the other hand, 
the walls of a room are often so well illuminated that they appear 
brighter than the work itself and this, also, is a condition which is 
not conducive to good vision In general, a hght tone for ceihngs 
and high side walls and a paint of medium reflectmg power for the lower 
side walls will ordinarily be found most satisfactory under both arti- 
ficial and natural fighting. 

Where strictly local fighting systems are employed, that is, where 
individual lamps are supplied for all benches and machines, and no 
overhead fightmg is added, the resulting contrasts in illumination will 
usually be found so harsh as to be objectionable even though the lamps 
themselves are well shielded. The eyes of the workman, looking up 
from his brightly lighted machine or bench, are not adapted for vision 
at low illuminations; hence, if adjacent objects and aisles are only 
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dimly lighted, he will be compelled either to grope about, losing time 
and risking accident, or to wait until his eyes have become adapted to 
the low illumination. Glancing back at his work, he again loses time 
while his eyes adjust themselves to the increased amount of light 
which reaches them. If long continued, this condition leads to fatigue, 
as well as to interference with vision, and to accidents. In other words, 
where local lamps are employed, there should also be a system of over- 
head lighting which will provide a sufi&cient illumination of all sur- 
rounding areas to avoid such imdesirable contrasts. 

'' 6 Time of Exposure — The time of exposure may be too great, 
that is, the eye may be subjected to the strain caused by a light source 
of given strength withm the field of vision for too long a time 

Where an operator is seated and his field of vision is fixed for several 
hours at a time, light sources of lower brightness and lower candlepower 
are required than where the operator stands at his work and shifts his 
position and direction of view from time to time. In the first case the 
image of the light source is focused on one part of the retina for con- 
siderable periods of time and is obviously more likely to cause discom- 
fort and eye-strain than when present for short penods only. Those 
who are forced to work aU day at desks facing the windows are par- 
ticularly likely to suffer from this form of glare. 

“ Rating Light Sources from the Glare Standpoint. — It is evident 
that the first two factors mentioned as causes of glare, namely, excessive 
brightness and excessive candlepower, concern the light source itself, 
whereas the third factor concerns its location in the field of view, and 
the fourth and fifth depend upon the conditions of its use. 

In Table XXXIV a means of rating hght sources (into Grades I 
to X) has been provided which takes mto account both their bright- 
ness and their candlepower Light sources in Grades I and II may be 
termed soft or well diffused; those in Grades VIII, IX and X are harsh 
and hkely to cause glare. It is seen from Table XXXIV that a light 
source of high intrinsic brightness but of low candlepower, — for ex- 
ample, one that would be classified under the fifth hne of the first column 
(less liian 20 cp. — and 100 to 1000 c. per sq in ) has the same rating. 
Grade V, as a source of lower brightness but of greater total candle- 
power (2-5 c. per sq. in. and 600 total cp.) which falls in the second 
Ime of the fifth column. 

“ In accordance with the plan of Table XXXIV, measurements of 
brightness and candlepower have been made on a number of Hght sources 
found in everyday practice, both natural and artificial, and grades have 
been assigned to them as shown in Table XXXV. While engaged m his 
work, the inspector will, of course find other hght sources m use which 
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are not included in the table; however, from those which are given he 
should be able to estimate closely in what grades the others should be 
placed. In cases of doubt, it is, of course, possible to have actual 
measurements made to determine both the brightness of the hghting 
unit and its total candlepower. The unit can then be rated in accord- 
ance with Table XXXIV. 


TABLE XXXIV 

CliABSIPICATION OF LiGHT SOTJBCBS FROM THU STANDPOINT OF GlARB 
Grade 1 indicates sources of maxim um softness. 

Grade X indicates sources of maximum harsliness 


Maximum Visible Bnghtness 


(Apparent Candles per Sq In ) 

Less 

than 

Less than 2 

20 

Grade 

I 

2 to 6 

II 

6 to 20 

II 

20 to 100 

IV 

100 to 1000 

V 

1000 and up 

VI 


Total Candlepower in Direction of Eye 


20 

60 

160 

600 

to 

to 

to 

to 

fiO 

160 

600 

2000 


Grade 

Grade 

Grade 

Grade 

I 

II 

TI 

III 

II 

III 

IV 

V 

III 

IV 

VI 

VII 

V 

VI 

VII 

VIII 

VI 

VII 

VIII 

IX 

VII 

VIII 

IX 

X 
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TABLE XXXV 

Specific Clabsipioation op Light Sources prom the Standpoint op Glare as 
Derived prom Table XXXIV 


Natural Light Sources 


(As seen through windows or skylights) 

Grade 

Sun 

X 

Very Bright Sky 

V 

Dull Sky 

III 

Sun Showing on Prism Glass 

IX 

OPEN GAS FLAMES 

II 


INCANDESCENT MANTLE GAS LAMPS 


Clear Glassware 

Frosted Globes 

6-m Opal Globe* 
8-in Opal Globe* 
10-in Opal Globe* 
12-m Opal Globe* 

Dome Reflector 
Mantle Visible 
Mantle not Visible 

Bowl Reflector 
Mantle Visible 
Mantle not Visible 

Totally Indirect* 
Semi-indirect Bowls* 


Mantlefi Mantles 

Consuming Consuming 
2-6 Cu Ft 6-8 Cu Ft 
per Hr per Hr 


Grade Grade 

V VI 

III IV 


II III 

I II 


V VI 

I II 


V VI 

II II 


Large Sin- 
gle Mantle 
or Cluster 
8-12 Cu Ft 
per Hr 

Large Sin- 
gle Mantle 
or Cluster 
12-20CU Ft 
per Hr 

Cluster or 
High Pres- 
sure Lamp 
Consuming 
above 20 Cu 
Ft per Hr. 

Grade 

VII 

Grade 

VITI 

Grade 

IX 

IV-VI 

III-V 

V-VIT 

VI-VIII 

VII 

III 

VIII 

IV 

IX 

IV 

VII 

III 

VIII 

V 

TX 

V 

I-II 

IWII 

TI 

IWV 

III 

III-VI 


• Where a range is given, the best grade, that is the lowest, applies to globes 
and the poorest to globes that have a decidedly bnght spot in the center 


that are evenly lummouB, 
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TABLE XXXV — Conduded 


ARC LAMPS 

Grade 

Enclosed arcs, clear globes IX 

Flame arc, clear globes X 

Flame arc, opal globes VII-VIII 

MERCURY VAPOR TUBES VI 

CARBON AND METALLIZED FILAMENT INCANDESCENT LAMPS 
8 cp V 

16 cp V 

32 cp VT 


TUNGSTEN FILAMENT INCANDESCENT LAMPS 


Watts 10-26 40-60 



Grade 

Grade 

Bare Lamps 

Frosted Lamps or 

VI 

VII 

Frosted Globes 

II 

III 

8-m Opal Globes* 

12-m Opal Globes* 

16-m Opal Globes* 

Flat Reflectors — Fila^- 

I 

I-II 

ment Visible 

Dome Reflectors — Steel 
or Dense Glass 

VI 

VII 

Filament visible from 
working position 

VI 

VTI 

Filament not visible 
from working position 

Bowl Reflectors — Steel 
or Dense Glass 

I 

I 

Filament visible from 
working position 

VI 

VII 

Filament not visible 
from working position 

Dome Reflectors — 
Bowl-enameled Lamps 

II 

II 


Semi-enclosing Units* 
Totally Indirect Light- 
ing* 

Semi-mdirect Bowl* 


76-100 

160-200 

300 

500-1000 

Grade 

VIII 

Grade 

IX 

Grade 

IX 

Grade 

X 

VI 

VII 

VIII 


II-IV 

II-III 

IV-VI 

II-V 

II-V 

IV-VI 

IV-VI 

VII-VIII 

V-VII 

VIII 

IX 

IX 

X 


VIII 

IX 

IX 

X 

III 

III 

IV 

VI 

VIII 

IX 

IX 

X 

III 

IV 

VI 

VII 

IV 

V 

VI 

VI 

III-IV 

IV-VI 

IV-VII 

VI-VIII 

I-II 

I-III 

I-II 

II-III 

II 

II-IV 

III 

III-VI 


* Where a range is given, the best grade, that is the lowest, applies to globes that are evenly luminous, 
and the poorest to globes that have a deoidedly bright spot in the center. 
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From a study of Table XXXV, it will be observed that incandescent 
lamps equipped with reflectors which do not completely hide the light 
source have been assigned to the same grade as the correspondmg sizes 
of bare lamps. It is true that the addition of a reflector somewhat 
increases the total candlepower m the direction of the eye and therefore 
the argument might be advanced that a 100-watt lamp with a flat 
reflector should be classified in Grade IX whereas the bare lamp is 
Grade VTII. On the other hand, from the standpoint of glare, the effect 
of the light background furnished by the reflector at least compensates 
for the increased candlepower which it gives; the ratmg is therefore 
kept at Grade VIII. 

“ Charting the Field of View. — It has already been pointed out that 
the distance between a hght source and the eye, and its angle to the Ime 
of vision have much to do with determining how bright a light source 
may be used without discomfort In Table XXX VI^ are given the 
ratmgs of the brightest hght sources which are recommended for use 
in any given location m interior hghtmg See also Pig. 110. 



“ From Table XXXV the majority of hare incandescent lamps are 
seen to have a relatively poor ratmg; that is, most of them fall in 
Grades VII to IX, and it is evident from Table XXXVI that grades 
VII to IX are never to be recommended in work rooms in positions near 
the line of vision, 

“ It will be noted from Table XXXV that the sources of natural 
light, side and ceiling windows, usually fall in Grade IV Grade II is 
the limitmg value for hght sources less than 6 5 feet high, in offices and 
other locations where the workers are seated facing in one direction for 
considerable penods of time. Hence, in these cases, to comply with 
the table, the work must be so arranged that the employees are not 
required to face wmdows where the sky is visible through the lower 
sash, that is, less than 6.5 feet above the floor 

Prism glass, when so located as to catch the sun^s rays, ordinarily 
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TABLE XXXVI 

Grades of Light Soitrcbs Considered Good Practicb in Ordinary 
Manufacturing Operations 

For the present the limits set m this table cannot be rigidly applied to portable 


lamps used for temporary work such as setting up machines, repairing auto- 


mobiles, etc 

Height above 
Floor in Feet 

1 

2 

Honzontal Diatanoe of Light Source From Observer : 

3 4 6 8 10 12 16 20 25 30 35 

in Feet 

40 50 

60 and Up 

19 and Higher 

9 

9 

9 

9 

9 

9 

9 

9 

0 

9 

9 

9 

9 

9 

9 

9 

1&-19 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

8 

17-18 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

8 

8 

8 

8 

16-17 

9 

9 

9 

9 

9 

9 

9 

9 

0 

9 

8 

8 

8 

8 

6 

6 

16-16 

9 

9 

9 

9 

9 

9 

9 

9 

9 

8 

8 

8 

8 

6 

6 

6 

14r-15 

9 

9 

9 

9 

9 

9 

9 

9 

9 

8 

8 

8 

8 

6 

6 

6 

13-14 

9 

9 

9 

9 

9 

9 

9 

9 

8 

8 

8 

8 

6 

6 

6 

6 

12-13 

9 

9 

•9 

9 

9 

9 

8 

8 

8 

8 

6 

6 

6 

6 

6 

6 

11-12 

9 

9 

9 

9 

9 

8 

8 

8 

8 

8 

6 

6 

6 

6 

6 

6 

10-11 

9 

9 

9 

9 

9 

8 

8 

8 

6 

6 

6 

6 

6 

6 

6 

5 

9-10 

9 

9 

9 

9 

8 

8 

6 

6 

6 

6 

6 

6 

6 

5 

6 

6 

8-9 

9 

9 

9 

8 

8 

6 

5 

6 

4 

4 

4 

4 

4 

4 

4 

5 

7-8 

9 

9 

8 

6 

6 

5 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

6 6-7 

9 

6 

6 

4 

4 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

4 

6 6 or less 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

3 

3 

3 

3 


BaCK GROUND 

Where the background and the surroundings are very dark in tone, a light 
source of one grade softer than that specified in this Table may be required. 
Where the background and surroundings are very light in tone one grade more 
harsh than that specified in the table may sometimes be permitted. 


has a very much poorer rating than clear glass; hence, where it is used 
the installation of window shades or curtains should ordinarily be 
required. 

“ The question naturally arises why, if glare is so objectionable, 
aU sources capable of producing glare should not be prohibited every- 
where. The answer is that to attain a maximum softness of hght some- 
times entails a sacrifice in efliciency and an increase in operating expense. 
If a worker chooses unnecessarily to gaze directly upward at a bright sky- 
light or at an artificial lighting unit so located that it is not a factor m 
glaie under ordinary circumstances, it is scarcely withm the province 
of a code of lighting to protect him from the consequences.'’ 

Specular Reflection. — A form of glare which is often less obvious 
than that which comes directly from the source to the eye, but which is 
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frequently more hannful because of its msidious nature, is that which 
comes to the eye as a glint or a reflection of the source in some polished 
surface. This form of glare, known as specular reflection or veiling 
glare, is frequently encountered where the work is with glossy paper, 
polished metal or furmture, or other shiny surfaces. It is particularly 
harmful because of the fact that the eye is often held to such surfaces 
for long periods of tune, and while the glare may not be suJficiently 
annoying to be recognised as of a serious nature, it may, nevertheless, m 
time produce eye-fatigue or even permanent mjury. Since the bright- 
ness of the reflected image is dependent upon the brightness of the hght 
source, it follows that the harmful effects of specular reflection can be 
mminm'zed by reducing the brightness of the hght source. Frequently, 
specular reflections can be prevented from striking the eye by locating 
the light source in such a position with respect to the work that specu- 
larly reflected hght will be thrown away from, rather than toward, the 
operator. The use of lighting units of large area and a diffusing medium 
to prevent any direct rays from the lamp striking the surfaces illumi- 
nated will aid in avoiding bad specular reflection; but on the other hand, 
if the source is very large, as, for example, a ceiling hghted by indirect 
units, a certain amount of specular reflection cannot be avoided. For 
a machme shop a more highly diffusing Hght source will be required than 
for a woodworking shop because the reflected images from metal are 
much more distinct than those from wood. 

In choosing hghting equipment, it must be borne in mind that, 
although a given reflector may afford adequate protection against direct 
glare from the lamp filament, it will not protect against glarmg reflec- 
tions unless the lamp is shielded in such a manner that the filament 
cannot be seen when the unit is viewed from directly beneath In many 
industrial operations, including the inspection of finished surfaces, a 
moderate degree of specular reflection or sheen will be found essential. 

Desirable Wall Br^tness. — The effectiveness of a lighting system 
depends, as has been shown, not only on the effectiveness of the lighting 
unit, but on the reflecting properties of the walls, ceiling and surround- 
ings, and upon the size and proportions of the room It is, m fact, 
entirely possible to find an installation of reflectors of poor design and 
inferior from the standpoint of glare, which is, nevertheless, from the 
single standpoint of the percentage of light reaching the illumination 
plane, better than an installation where reflectors of good design are 
used, if the former are installed under favorable conditions such as Hght 
walls, ceilings, etc., and the latter under unfavorable conditions. On 
the other hand, it must be borne in mmd that a large expanse of wall 
surface, finished so Hght as to reflect a large volume of Hght into the eye, 



COEFFICIENTS OF UTILIZATION 


293 


is objectionable for offices, residences and all rooms where the occupants 
are likely to sit more or less directly facmg the walls for considerable 
periods of time. Such data as are available indicate that where the 
brightness of the walls is equal to, or greater than the brightness of white 
paper lying on the table or desk, annoying glare will result. In fact, 
a wall brightness one-half that of the paper has been found unsatis- 
factory and a bnghtness of 20 per cent is apparently comfortable. 
With the usual types of lightmg units, walls are not illuminated to 
intensities as high as those obtaining on desk or table tops, and walls 
which reflect less than 60 per cent of the light which strikes them should 
not produce discomfort, provided, of course, that they are of a matte or 
semi-matte finish. Walls finished in buff, light green or gray reflect 
about the proper proportion of light and their use is meeting with 
general favor. Walls finished in a high gloss are not satisfactory from 
a glare standpoint. 

Shadow. — Shadows may be troublesome if they are sharp or so 
dark that it becomes difficult to distmguish between shadows and 
objects, or if the illumination in the shadows is insufficient for good 
vision. With general hghting, shadows from the work or fixed objects 
can be reduced by placmg the units high and close together. A maxi- 
mum degree of shadow results from this arrangement in the case of direct 
lightmg systems usmg clear lamps in open reflectors of small area, a 
minimum in that of totally mdirect lightmg systems Enclosing and 
semi-enclosmg units produce shadows which are softer than those pro- 
duced by open reflectors but much heavier than those produced by 
totally indirect systems. With semi-mdirect units, almost any degree 
of shadow can be obtained by var3dng the density of the glass. 

In observing objects in their three dimensions, shadows are an aid 
to vision m that the surfaces can be more easily distinguished from one 
another than if they were aU lighted to the same intensity. However, 
wWle shadows are of great value in the discernment of irregularities of 
surfaces, they are of little or no value in the observation of plain sur- 
faces. For example, while shadows are highly desirable in industrial 
work, in office work they are for the most part unnecessary, and, in fact, 
often a nuisance With few exceptions, only soft, luminous shadows 
are desirable in interior lighting; those having sharp edges are objection- 
able. 

Coefficients of Utilization. — Because of the loss of light through 
absorption by the reflector or enclosing glassware, by the fixture, and 
by the walls and ceilmg, only a part of the total light emitted by a lamp 
reaches the designated plane. Of the warp of the light sent in directions 
other than those where it is used, some will be redirected by the ceilmg, 
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walls and other surfaces on which it falls, and the percentage of the total 
lumens enutted by the lamp which ultimately reaches the desired loca- 
tion will, therefore, vary widely with the proportions of the room and 
the nature of the surroundmgs. Contrary to the general belief, the 
absolute height in feet at which units are mounted has in itself no 
influence upon the percentage of light utilized, so long as the same pro- 
portions are maintamed. For example, if there are two buildings, one 
20 feet by 50 feet and 10 feet m height, and the other 40 feet by 100 feet 
and 20 feet m height, it is clear from Fig. Ill that the effective angle 



Fig 111 Illufltration of Effective Angle 



Fig 112 The Coefficient of Utilization is Dependent upon Room Proportions. 

The Light Stnkmg the Partition is Largely Lost. 

and hence the efficiencies of the lightmg systems in the two buildings 
will be the same. If the small buildmg is lUummated by eight 100-watt 
lamps on 10-foot centers and the large buildmg by the same number of 
400-watt lamps on 20-foot centers, the average intensity of illumination 
will be the same, and its distnbution will be similar. On the other 
hand, the proportions of a given buildmg or room have a very important 
bearing upon the percentage of light utilized For rooms in which the 
ratio of width to ceding height is small, a low utilization obtams because, 
as shown in Fig. 112, a relatively greater portion of the light strikes the 
walls and is absorbed by them than is the case for a large room. 
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' Room Index. — Again, it is obvious that a square room would have 
a higher coejHBLcient of utilization than a long narrow room of the same 
area. As the result of an elaborate series of tests made in rooms of 
dijfferent dimensions, it has been found possible to classify all hghting 
installations in ordinary rooms into groups depending upon the length 
and width of the room, and the height of the light sources above the plane 
to be illuminated. These classifications are given in Table XXXVII 
and are known as room indices. These indices are chosen arbitrarily. 
For direct lighting systems in square rooms, the room index equals 

width of room 

2 X height from plane of work to lamps 
For indirect and semi-indirect installations, the room index equals 

width of room 

X height from plane of work to ceiling 

For an installation in a cubical room, the index will be 1 when the 
distance between the Hghting fixtures and the plane of work is ^ of the 
total distance from fioor to ceilmg. 

Room indices for other than square rooms can only be compiled from 
test data. For example, the coefidcient of utilization and the room 
index for a rectangular room is not the same as for a square room of 
equivalent area but must be determined empirically. 

Table XXXVIII shows the coefficients of utihzation for various types 
of lighting units in rooms having walls and ceilings of different reflecting 
power and for each room index. These coefficients of utilization are 
based on actual test results. It is obvious that for any given location 
the coefficients of utilization for two different types of lighting units 
represent the relative efficiency m delivering light upon a horizontal 
plane under those particular conditions. 
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TABLE XXXVII 

Room Index 

Classify the room according to the proportions and the mounting height abovi 
the plane of work Use upper column headings for direct-lighting units, for semi 
indirect and totally indirect umts choose column at bottom of page Whereve 
the circumstances are such that the room index falls between two given figures 
use the smaller number 


Boom Boom 
Width Length 


Direct Lighting Umts — Height Above Plano of Work 
Peet 


Feet 


8 


10 


12 


14 


16 


18 


Feet 

4 

0 

6 

7 

8 

9 

10 

12 

14 

16 

20 

24 

10 

1 0 

0 8 

0 8 

0 6 

0 0 

0 0 

0 0 






12 

1 26 

0 8 

0 8 

0 0 

0 0 

0 0 

0 0 






16 

1 26 

1 0 

0 8 

0 6 

0 0 

0 0 

0 0 






24 

1 6 

1 26 

1 0 

0 8 

0 0 

0 0 

0 0 

0 0 

0 0 




36 

1 6 

1 26 

1 26 

1 0 

0 8 

0 8 

0 0 

0 0 

0 0 

0 0 



60 

2 0 

1 6 

1 26 

1 0 

1 0 

0 8 

0 8 

0 0 

0 0 

0 0 



10 

1 26 

1 0 

0 8 

0 6 

0 0 

0 0 

0 0 






14 

1 6 

1 0 

1 0 

0 8 

0 0 

0 0 

0 0 

0 0 





20 

1 6 

1 26 

1 0 

0 8 

0 8 

0 6 

0 6 

0 0 

0 0 




80 

2 0 

1 6 

1 26 

1 0 

0 8 

0 8 

0 0 

0 0 

0 0 

0 0 


*■ 

40 

2 0 

1 6 

1 6 

1 26 

1 0 

1 0 

0 8 

0 0 

0 0 

0 0 

0 0 


70 

2 0 

1 6 

1 6 

1 26 

1 26 

1 0 

1 0 

0 8 

0 8 

0 0 

0 0 


12 

1 6 

1 26 

1 0 

0 8 

0 8 

0 6 

0 0 

0 0 





18 

1 6 

1 26 

1 26 

1 0 

0 8 

0 8 

0 0 

0 0 

0 0 




24 

2 0 

1 6 

1 26 

1 0 

1 0 

0 8 

0 8 

0 0 

0 0 

0 0 



36 

2 0 

1 5 

1 6 

1 26 

1 0 

1 0 

0 8 

0 0 

0 0 

0 0 

0 0 


50 

2 0 

2 0 

1 5 

1 6 

1 26 

1 0 

1 0 

0 8 

0 0 

0 6 

0 0 

0 0 

00 

2 0 

2 0 

1 B 

1 6 

1 26 

1 26 

1 26 

1 0 

0 8 

0 8 

0 0 

0 G 

14 

1 6 

1 5 

1 26 

1 0 

0 8 

0 8 

0 0 

0 0 

0 0 




24 

2 0 

1 5 

1 5 

1 26 

1 0 

1 0 

0 8 

0 0 

0 0 

0 0 



40 

2 5 

2 0 

1 6 

16 

1 26 

1 0 

1 0 

0 8 

0 0 

0 0 

0 0 

0 0 

70 

2 6 

2 0 

2 0 

1 6 

1 6 

1 26 

1 26 

1 0 

0 8 

0 8 

0 0 

0 6 

100 

2 6 

2 0 

2 0 

1 6 

1 5 

1 6 

1 6 

1 25 

0 8 

0 8 

0 0 

0 0 

10 

2 0 

1 6 

1 26 

1 26 

1 0 

08 

08 

0 0 

0 0 

0 0 



30 

2 6 

2 0 

1 6 

1 5 

1 26 

1 0 

1 0 

0 8 

0 0 

0 0 

0 0 


60 

2 6 

2 0 

2 0 

1 6 

1 6 

1 26 

1 26 

1 0 

0 8 

0 0 

0 0 

0 0 

80 

2 6 

2 0 

2 0 

2 0 

2 0 

1 6 

1 6 

1 26 

1 0 

0 8 

0 0 

0 6 

120 

2 S 

2 0 

2 0 

2 0 

2 0 

1 6 

1 6 

1 6 

1 0 

1 0 

0 8 

0 8 

18 

2 0 

2 0 

1 5 

1 25 

1 0 

1 0 

0 8 

0 8 

0 0 

0 0 



36 

3 0 

2 6 

2 0 

1 6 

1 6 

1 26 

1 0 

1 0 

0 8 

0 0 

0 0 

0 0 

50 

3 0 

2 6 

2 0 

2 0 

1 6 

1 6 

1 26 

1 0 

0 8 

0 8 

0 0 

0 0 

80 

8 0 

26 

2 0 

2 0 

2 0 

1 6 

1 6 

1 26 

1 0 

0 8 

0 8 

0 0 

120 

3 0 

2 5 

2 0 

20 

2 0 

1 6 

1 6 

1 6 

1 26 

1 0 

0 8 

0 8 


20 

40 

60 

100 

140 


2 6 

2 0 

1 6 

8 0 

2 6 

2 0 

3 0 

2 5 

2 6 

3 0 

2 5 

2 6 

8 0 

2 6 

2 6 


Ifi 126 10 10 08 00 00 06 

20 16 16 12610 08 08 00 08 

20 1 6 1 6 1 26 1 0 0 8 0 0 0 0 

20 2 0 2 0 1 6 1 6 1 25 1 0 0 8 0 0 

2 0 2 0 2 0 1 6 1 6 1 26 1 26 1 0 0 8 


20 
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TABLE XXXVII 
Room Index — Continued 


Koom 

Width 

Room 

Length 


DrasKTT Lightcno Units — Height Above Plane of Work 

Feet 


Feet 

Feet 

4 

S 6 7 8 0 10 12 14 16 20 

24 



24 

8 0 

2 5 

2 0 

1 5 

1 5 

1 26 

1 25 

1 0 

0 8 

0 8 

0 6 

0 6 


50 

3 0 

3 0 

2 5 

2 0 

2 0 

1 5 

1 6 

1 25 

1 0 

1 0 

0 8 

0 6 

24 

70 

3 0 

3 0 

2 6 

2 5 

2 0 

2 0 

1 5 

1 6 

1 25 

1 0 

0 8 

0 6 


100 

3 0 

3 0 

2 5 

2 5 

2 0 

2 0 

2 0 

1 5 

1 5 

1 25 

1 0 

0 8 


160 

8 C 

3 0 

2 5 

2 5 

2 0 

2 0 

2 0 

1 5 

1 5 

1 5 

1 25 

1 0 


30 

4 0 

3 0 

2 5 

2 0 

2 0 

1 5 

1 5 

1 25 

1 0 

1 0 

0 8 

0 6 


60 

4 0 

3 0 

8 0 

2 5 

2 5 

2 0 

2 0 

1 5 

1 25 

1 25 

1 0 

0 8 

80 

100 

4 0 

3 0 

8 0 

3 0 

25 

2 6 

2 0 

2 0 

1 5 

1 6 

1 0 

08 


140 

4 0 

3 0 

3 0 

3 0 

25 

2 5 

2 0 

2 0 

2 0 

1 5 

1 25 

1 0 


35 

t 4 0 

3 0 

3 0 

2 5 

2 0 

2 0 

1 5 

1 5 

1 25 

1 0 

0 8 

0 6 


70 

5 0 

4 0 

8 0 

3 0 

3 0 

2 5 

2 0 

2 0 

1 5 

1 6 

1 0 

0 8 

35 

100 

5 0 

4 0 

3 0 

3 0 

8 0 

2 5 

2 5 

2 0 

2 0 

1 6 

1 25 

1 0 


140 

5 0 

40 

3 0 

3 0 

8 0 

25 

25 

2 0 

2 0 

1 5 

1 5 

1 25 


40 

5 0 

4 0 

8 0 

3 0 

2 5 

2 0 

2 0 

1 5 

1 5 

1 25 

1 0 

0 8 

40 

80 

5 0 

4 0 

3 0 

8 0 

3 0 

2 6 

2 5 

2 0 

2 0 

1 5 

1 25 

1 0 


140 

5 0 

40 

3 0 

3 0 

3 0 

2 5 

2 5 

2 5 

2 0 

2 0 

1 5 
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TABLE XXXIX 
Spacing — Mounting Height 
Semi and Totally Indirect Lighting Units, No 22 to No 28 


Ceiling Height 


Above Plane 
of "Work 


Above Floor* 


Permissible 

Spaoing 

Distance 

Between 

Outlets 


Permissible Distance 
Between 

Outlet and Sidewalls 


In Usual Lo- 
cations where 
Aisles and 


In OfficM or 
where Work 
Benches are 


Suspension 
— ■ Distance Celling 
to Top of 
Befleotor** 


Storage are Next to Wall 


CH) 

(C) 

(D) 

5 

7i 

7} 

6 

8i 

9 

7 

9i 

10} 

8 

lOi 

12 

9 

Hi 

13} 

10 


16 

11 

13J 

16} 

12 

14i 

18 

13 

15i 

19} 

14 

m 

21 

16 

m 

22} 

16 

m 

24 

18 

27 

21 

2^ 

31} 

24 

26i 

36 

27 

m 

40} 

30 

32i 

45 

36 

37i 

52} 

40 

42} 

60 


(W) 

(W) 


(R) 

3} 

2} 


li 

4} 

3 


1} 

6 

3} 


li 

6 

4 


2 

6} 

4} 


2i 

7} 

5 


2i 

8 



2i 

9 

6 


3 

9} 

6} 


ft 

10} 

7 


3i 

11 

7} 


31 

12 

8 


4 

13} 

0 



16} 

10} 


61 

18 

12 


6 

20 

13} 


61 

22} 

16 


71 

26 

17} 


81 

30 

20 


10 


* Plane of work (P) assumed to be 2i feet above floor When the plane of work 
IS higher or lower than 2i feet above floor, neglect column (C) and work from column 
(H). 

** Suspension distances (E.) m Table are based on beat distnbution of light and 
efficiency of utilization for standard units. In some installations other considera- 
tions may require a different suspension distance. 


■Ai 




Fig 113. 
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TABLE XL 

Spacing — Mounting Height 

Direct Lighting Units, Including Semi-enclosing and Totally 
Enclosing Units, No 1 to No 21 

Mounting Height | PenniBsible Distance Between 

of Unit Outlets and Sidewalls 

Permissible 


Distance Between 


Above Plane 
of Work 

Above Floor* 

Outlets 

In Usual liOoatioDs 
where Aisles and 
Storage are Next 
toWaU 

In Offices or where 
Work Benches are 
Next to Wall 

(H) 

CF) 

CD) 

(W) 

(W) 

4 

6i 

6 

3 

2 

5 

7i 

74 

34 

24 

6 

8i 

9 

44 

3 

7 

94 

104 

5 

34 

8 

104 

12 

6 

4 

9 

lli 

134 

64 

44 

10 

124 

15 

74 

5 

11 

134 

164 

8 

64 

12 

144 

18 

9 

6 

13 

154 

194 

94 

64 

14 

164 

21 

104 

7 

15 

174 

224 

11 

74 

16 

184 

24 

12 

8 

18 

204 

27 

134 

9 

20 

224 

30 

15 

10 

22 

244 

33 

164 

11 

24 

264 

36 

18 

12 

27 

294 

404 

20 

134 

30 

324 

45 

224 

15 

35 

374 

524 

26 

174 

40 

424 

60 

30 

20 


* Plane of work (P) assumed to be 2i feet above floor. When the plane of work 
is higher or lower than 2i feet above floor, neglect column. (F) and work from column 
(H) 



Fig. 114. 


*♦ Minimum allowance for (R) usually 1 foot. 
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Maintenance. — Dirty reflectors, walls and ceilings darkened by 
smoke and dust, blackened lamps left in service as long as they continue 
to bum, empty sockets, unobserved burn-outs and replacements with 
lamps of wrong size or improper voltage rating are prime causes of 
inadequate illumination. 

There are two methods by which the mamtenance of any selected 
value of intensity can be assured First, by allowing for an enormous 
depreciation m the light and consequently using much larger lamps than 
would ordinarily be considered necessary; and second, by maintaining 
the system properly and allowing for reasonable depreciation. The 
second, or practical, method involves. 


1. The use of a depreciation factor, or factor of safety, in the original 
design of the system to insure adequate illumination when the system 
has depreciated a normal amount, 

2. The cleaning of hghting units at frequent regular intervals; 

3. The replacement of lamps which have become blackened in service 
by abnormally long life; 

4. The use of lamps of the correct voltage rating for all replacements; 

6. The refinishing of ceihngs and walls at reasonable intervals. 


^ The purpose of the depreciation factor is to insure adequate illumina- 
tion when the installation shows maximum depreciation under the 
^stem of cleaning adopted. For example, where ixnits are cleaned and 
inspected every three weeks, the illummation just before plenTiing may 
be 15 per cent lower than immediately after. Furthermore, the ceDmg 
and walls will gradually become darkened, so that the illummation at 
the end of a year, even with the hghtmg units thoroughly cleaned and 
^e lamjM in excellent condition, will be materially lower than when the 
installation was new In order to insure that the illumination will at 
no time be inadequate, it is necessary to add a suitable amount to the 
mtensity considered desuable and to design for this larger amount. 

The amount which should be added to the intensity considered ade- 
quate, or — what amounts to the same thing — the factor by which the 
mtensity considered adequate should be multiplied, to insure proper 
lUummation at all times, depends upon the specific conditions surround- 
uig any particular installation In general, when installed in relatively 
favorable locations, open reflector units show a depreciation which 
ranges from 10 per cent to 25 per cent in four weeks’ time. Where 
excrasive snmke and dust are the rule, the depreciation over the same 
^nod may be as high as 40 per cent. The depreciation of ceilings and 
wa^ depends not only upon the characteristics of the location, i.e, 
whether clean or dirty, but upon their onginal color as well The only 
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factor which is not affected by location is the depreciation of lamps -with 
burning. Gas-fiUed tungsten lamps average about 95 per cent of their 
initial hght output throughout life, the output at the end of rated life is 
usually about 92 per cent of imtial and where there are only one or two 
lamps in a room, lamp depreciation must be based upon this figure rather 
than upon the average output. While the total depreciation of lighting 
systems over a given period will, of course, vary widely, experience has 
^own that a factor of 1 2 for very clean locations and very clean opera- 
tions (16§ per cent loss), and a factor of 1.5 for dirty locations and 
relatively dirty operations (33| per cent loss), may be used with assur- 
ance of satisfactory results, provided — and this is of the greatest impor- 
tance — that a schedide of regular and frequeni cleaning be adopted and 
adhered to. 

' Designing a Lighting System 

The four steps to be carried out m the design of a general lighting 
system for a room are as follows 

1 Decide the foot-candle illumination required; 

2. Select the t 3 q)e of lighting unit best adapted to the location; 

3. Determine the location of outlets, the mountmg height and number 
of lighting units required; 

4. Ascertain the size of lamp which will provide the foot-candles 
desired. 

Foot-candle TIliiTniiifltinn. — The factors entering into the choice of 
foot-candle illumination values have already been discussed, and 
Table yy-YTT hats such foot-candle values, corresponding to present 
standards for different classes of industrial lighting, offices, stores, etc. 

It must be borne m mmd that one sees an object because of the 
light incident upon it. The following charts, which show the reflection 
factors of different colored surfaces, show why a given operation on 
dark-colored cloth wiU require perhaps five times as much ligh,t as 

the same operation on light-colored goods. 

Type of Unit. — These colored charts, entitled “ Eeflection 

Factors,” will be found to be of assistance m selecting the proper light- 
ing unit for a particular location m accordance with the general prm- 
ciples outlined in the previous section 

It is important in every case to specify the type of lamp to be used 
smce, for example, as shown m Table XXXV, bowl-enameled lamps 
used m open reflectors, such as R L M standard domes, form a much 
Bupenor li ghting unit, from the standpomt of glare, reflected glme, and 
shadows, to dear-lamp units of the same type. In general, clear gas- 
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filled tungsten lamps should not be used in open reflectors where the 
mounting height is less than 20 feet. 

Location of Outlets, Mounting Height, and Number of Lighting 
Units. — Make a diagram to scale of the floor area of the room If 
the units are of semi- or totally-indirect type, measure the cefling 
height of room and refer to Table XXXIX, Fig. 113, for the permissible 
spacing of units and preferred suspension distance of lightmg units 
corresponding to this ceiling height. 

If -^e units are of direct-hghtmg tjrpe, determine the mounting 
height and refer to Table XL, Fig. 114, for the permissible spacing 
correspondmg to this mounting height If the units are mounted as 
close to the ceiling as possible (a minimum allowance of 1 foot is usually 
necessary to provide for the drop of the reflector from the ceiling) a 
wider spacing is permissible and fewer units are, therefore, necessary 
for an even distribution of hght. Considerations of shadows, appear- 
ance and arrangement of work may make a lesser mounting height 
desirable even though a closer spacing of outlets would be needed to 
keep the same uniformity of lUummation. Ordinarily, lamps should 
not be mounted less than 10 feet above the floor unless a low ceihng 
makes it necessary 

Having determined the permissible spacing, proceed to locate the 
outlets on the diagram of the floor area. Locate the units as nearly 
symmetrically as possible without appreciably exceedmg the permis- 
sible spacing for uniform lUummation. At a greater height, a spacing 
closer than m Table XXXIX results in greater freedom from shadows 
but increases the number of umts required and makes the installation 
cost more. If a spacing somewhat closer than the permissible value 
is adopted, as is often the case, it is allowable, though not necessary, 
to refer back to Table XXXIX and select a lower mountmg height 
corresponding to the new spacing. The distance between the outside 
row of outlets and the wall should not exceed one-half the spacing 
distance. For office spaces, or where work is carried on at benches 
or machines near the wall, this distance should be approximately one- 
third the spacmg distance. 

Lamp Size. — After the outlets have been located on the plan, the 
lamp size to be used may be determmed by the foUowmg calcula- 
tion 

Area in square feet _ Total floor area in square feet 
per outlet Number of outlets 

Lamp lumens required _ Foot-candles X depreciation factor 
per square foot Coefficient of utihzation 


(A) 

(B) 




Reflection Factors 

he proportion of light reflected by walls and ceilings of various colors, tha 
heir Reflection Factors, have an important bearing on both the natural anc 
artificial lighting The proportion reflected will depend somewhat upon th( 
r of the incident light The figures here given show what proportion o 
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of Colored Surfaces 

he light of Mazda lamps these painted surfaces reflect Reflection Factor 
if special usefulness in determining the Coefficient of Utilization (ratio of 
lehvered at the work to total light of lamps) applicable to an interior. 
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Lamp lumens required _ Area in sq. ft. Lamp lumens required 
per outlet per outlet per square foot 

(From A) (Prom B) 

Foot-candles. — Illumination decided upon. 

Depreciation Factor. — Safety factor or allowance for depreciation 
due to aging of lamps, dirt, dust and deterioration of reflecting value 
of walls Use 1.3 for fairly clean locations. Use 1.6 for dirty locations 
or where cleanmg is infrequent 

Coefficient of Utilization. — Proportion of the generated light from 
the la m ps which reaches the plane of work. The coefficient of utiliza- 
tion for the installation is determined as follows 

Table XXXVHI shows that the coefficient of utilization varies 
according to the type of fixture, the proportions of the room expressed 
by “ room index,” and the color of the walls and ceiling. From Table 
XXXVII find the room mdex corresponding most nearly to the dimen- 
sions of the installation From the color chart find the reflection factor 
of the walls and ceding of the room under consideration. Then the 
coefficient of utihzation for the installation of the type of hghting 
unit selected will be found from Table XXXVIII in the proper column 
of wall and ceding color opposite the correct room index 

Having determined the lamp lumens required per outlet by the 
above calculations, find the wattage of the lamps to be used, by reference 
to Table XLI which lists the lumen output rating for each size of tung- 
sten and tungsten dayhght lamps. Locate m this table the size of 
lamp of the desired type which most nearly meets the requirement of 
lumen output. When the lamp lumens required fad nearly midway 
between two sizes, choose the larger rather than the smaller, unless it 
is certain that the less illumination from the smaller will suffice 

Computed Illumination. Values. — The foot-candles of illumination 
in service, allowing a depreciation factor of 1 3, obtained for systems 
having different coefficients of utilization and areas per lamp, are 
worked out m Table XLII This table can be referred to as an ap- 
proximate check on design computations made as outhned above. 

Dlummatlon Design for a Factory Room. — The floor plan of the 
factory space to be hghted is 60 by 120 feet, as shown (Fig 115). The 
work carried on m the room is assembly of sewing machine heads. The 
height from floor to roof trusses is 12 feet The roof is of saw-tooth 
construction and the walls and upper structure are painted a medium 
color. A considerable amount of dark matenal is kept stacked along 
the walls of the room. Followmg the steps outlined, the lightmg de- 
sign IS determined as follows: 
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1. Foot-candle Illumination. — From Table XXXII, 8 foot-candles 
are recommended for assembly, medium grade. 

2. Type of Lighting Unit. — With the aid of the guide to the selec- 
tion of reflectmg equipment (Table XXXIII), unit No. 2, the R L M 
dome with bowl-enameled lamp, is selected, this selection being based 
on efllciency and favorable showmg from the standpoints of glare, 
reflected glare, shadows and maintenance 

3. Locaiicm of OvJtUts, Mounding Height and Number of Units — 
The height of the benches, and therefore the plane of work, is 3^ feet 
above the floor. The mn- nmnTu mountmg height of the lamps above 
the floor is 11 feet (12 feet height from floor to truss less 1 foot allowed 
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Outlet for 1-160 watt bowl enameled cae-flllod tungsten lamp, equipped with an 
BLM Standard Dome Hefleotor, with suitable holder, Eefleotor located 1 1 feet above the door. 

Fig. 115. Floor Pkn of Factory Space to bo lighted 

for reflector drop). Hence, the maximum mounting height of units 
above plane of work is 11 feet — 3^, or 7^ feet. 

From Table XL of spaemg-mountmg heights, page 303, a 7|-foot 
mountmg height above plane for direct lighting imits is found to indicate 
a permissible spacing of approximately 11 feet, and since the section of 
the room near the walls consists of aisles and storage, 5| feet may be 
allowed for the distance between the last row of outlets and the side 
walls. 

Reference to floor plan of the room shows that a 10-foot spacmg each 
way (outside units 5 feet from walls) would make a symmetrical layout 
m the 20 by 30-foot bays and this spacmg is, therefore, adopted. Outlet 
locations for the entire space are marked on the plan as shown, and 72 
are found to be required. 
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TABLE XLI 

Apphoximatb Lttmhn Oijtput of Tungsten Lamps 


110-126 Volt atandaxd Lighting Service 


Size of Lamp 
in Watts 

Qaa-hlled 


Vacuum 


Daylight 


220-226 Volt 


Gas-fllled 


Vacuum 


Lumen Output 


10 


80 




16 


130 




26 


240 



195 

40 


400 




60 

450 * 

600 



460 

60 


620 




76 

880 


600 



100 

1,300 


875 

980 

945 

160 

2,100 


1400 



200 

3,000 


2000 

2,500 


300 

4,900 


3360 

4,300 


600 

9,000 


5600 

7,800 


750 

14,500 



12,600 


1000 

20,000 



18,000 



• White bulb. 


4. Lamp size: 
(A) 


A . ij. . , . Total floor area m sq. ft. 

Area m sq. ft. per outlet = ^ . 

Number of outlets m room 


7200 

72 


= 100 . 


(J5) Lamp lumens required per ^ Foot-candles X depreciation facb 
sq. ft. Coefficient of utilization 

^ 8 X 1.30 
.57 


= 18 2. 


Area m square feet per outlet — 100. 

Foot-candles — 8 

Depreciation factor — 1.30. 

To find coefficient of utilization . 

From room index, Table XXXVII, page 297, in a room 60 by IS 
feet where the moimting height of direct-hghting units above plane < 
work IS 7 feet, the room index is 5 0, or in the same room where tl 
mountmg height is 8 feet the room mdex is 4 0 Either value might I 
used for the room index with equal accuracy as to the result, but 4 
is more conservative. 



TABLE XLII 

Computed Iulumination Values (Using Depreciation Factor of 1 3) 

1 1 I 

Coefficient of Utilization 

SuieofLamp I I I I I I | I I I I I I 

14| 16| ISj 20| 22 | 26| 28| 32| 36| 40| 45 50| 55| doj 65| 70 

Watta I Lumens Foot-oandlea 


60 

70 

80 

QO 

lOO 

no 

120 

130 

140 

100 

ISO 

200 

220 

260 


100 1300 2 3 2 7 3 0 3 3 3 7 4 2 4 7 5 3 0 0 0 7 7 5 8 3 6 2 10 0 10 8 11 7 

150 2100 38 43 48 64 69 67 75 86 07 10 8 12 1 13 5 14 8 16 247 5 18 8 

200 3100 5 0 6 4 7 2 7 9 6 7 0 6 11 1 12 7 14 3 15 0 17 0 10 6 21 8 23 8 25 8 27 8 

300 4000 8 8 10 0 11 3 12 6 13 8 15 7 17 6 20 1 22 6 25 1 28 3 31 4 34 6 37 7 40 8 44 0 
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2 3 
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3 1 
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4 6 
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Referring to Table XXXVIII, coefficients of utilization, page 298, 
for R L M dome bowl-enameled lamps m a location with a room index 
of 4.0 and where the ceiling and walls are fairly dark, the coefficient of 
utilization is foimd to be .57. 

Combining (A) and (B) : 

(C) Lamp lumens required per _ Area in sq. ft. per outlet X Lamp 
outlet ” lumens required per sq. ft. 

= 100 X 18 2 = 1820. 

Prom Table XLI lumen output of tungsten lamps, page 309, a 150- 
watt gas-fiUed lamp giving 2100 lumens is foimd to meet the requirement 
most nearly. The actual service illumination given by this lamp will, 
of course, be shghtly greater than originally designed for, or 

X 8 = 9.2 foot-candles. 

lo2U 

As an approximate check on the computation, reference may be made 
to Table XLII where, with a coefficient of utilization of 0.55 (the table 
value nearest to 0.57) and an area per lamp of 100 square feet, the 
illumination, using 150-watt gas-filled lamps, is found to be 8.6 foot- 
candles. 

Choice of Refliecting Equipment. — The various hghting units in 
Table XXXIII are rated in accordance with seven fundamentals, 
illustrated on the following page. The importance of these criteria 
varies with different classes of work. It must be emphasized that the 
relative importance of the various criteria should be carefully weighed 
with respect to the particular problem at hand. For instance, in an 
office the criteria would rank m the following order of importance: (1) 
direct glare; (2) reflected glare, (3) shadows; (4) efficiency, based upon 
aiumination on horizontal, (5) maintenance, (6) vertical illumination. 
On the other hand, where lamps are to be hung above a crane in a 
foundry, the order of importance would be as follows: (1) efficiency 
based upon Uluimnation on honzontal; (2) vertical illumination, (3) 
maintenance; (4) shadows; (5) direct glare; (6) reflected glare. 

In the chart (Table XXXIII) the best rating given is A+j which 
denotes the highest degree of excellence; while D, the lowest, indicates 
that an installation of units so rated with respect to any factor wiU be 
very likely to prove unsatisfactory if this factor is important in the 
given installation The ratings B and C, while indicating a result not 
equal to A, are decidedly superior to rating D. In other words, a 
rating of S, or C in certain respects does not disqualify a unit, 
provided that in the essential requirements of the given location the 
unit is rated A or B+. 
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A+ B+ C+ 

A Excellent B Good C Pair D Very bad 

A" 5’ C" 

Cost of Light 

Estimating the Cost. — In determining the total operating cost of 
any system of hghting, three items should be considered: 

1. Fixed charges, which include interest on the investments, insurance 
and taxes, depreciation of permanent parts, regular attendance, and 
other expenses which are independent of the number of hours of use. 
Often this item forms a large part of the total operating expense; yet 
it is only too frequently omitted from cost tables. 

2. Maintenance charges, which include renewal of parts, labor and 
all costs, except the cost of energy, which depends upon the hours of 
burning 

3. The cost of energy, which depends upon the hours of burning and 
the rate charged. 

If data are compiled under these heads in convenient units — for 
example, under the first head, an annual charge; imder the second, a 
charge per 1000 hours' operation; under the third, a charge per 1000 
hours' operation at unit cost of energy — the several items may easily 
be calciAated for any given set of conditions and the total aimual 
operatmg cost of any lighting system obtained as their sum. 

Under fixed charges, the items of depreciation and attendance may 
be mentioned particularly. Depreciation should be charged on per- 
manent parts only, and not upon parts the renewal of which is provided 
for in the maintenance cost. The rate for depreciation should m many 
cases be higher than the current practice, for obsolescence, rather than 
the wearing out of parts, determines the hfe of a hghtmg system There 
are many installations m use today which are in good order and giving 
a fair measure of satisfaction, but which could be replaced at a large 
saving. In fact, there are few instaUations m this country which have 
been in use for seven or eight years and which are not practically obsolete. 

Again, too much emphasis cannot be given to the desirabihty of 
regular attendance for those lUuminants which do not require trimmmg 
from time to time. As has been said, it is essential for satisfactory 
operation that such lamps and reflectors be cleaned at regular mtervals; 
hence a fixed charge should always be included in this service. Lamps 
which require frequent trimming are cleaned at the same time, and the 
cost is included under the maintenance charge. 
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The energy cost can usually be readily computed, but wiU, in the 
case of some electric illuminants, depend upon the voltage of the circmt, 
since this determines either the wattage or the power-factor. The effect 
of power-factor is seldom considered, although it governs the investment 
in generators, transformers and wiring, and in a small degree the energy 
required To the central station or isolated plant, the volt-amperes 
required by a given lamp are perhaps as close a measure of the cost of 
service as the actual wattage consumed. When the consumer is pur- 
chasing energy on a Idlowatt-hour basis, this factor, of course, is elimi- 
nated as far as he is concerned. 

A table which would show the total operating expense of lamps of 
all sizes with every discount from the list prices, for all possible periods 
of burning per year and under all costs of power, would be so large as to 
be entirely impractical From Table XLIII, however, the operating 
expense of incandescent lamps under any set of conditions may be found 
with httle calculation 

In the case of an incandescent system, in addition to the wiring, the 
investment includes the cost of lamps, reflectors, holders and sockets 
The investment in permanent parts is the total investment minus the 
price of lamps No depreciation is charged against the lamps inasmuch 
as they are regularly renewed The labor item under fixed charges 
provides for the cleanmg of all units once each month For the smaller 
units with steel reflectors, the cost of cleanmg m Table XLIII is taken 
as 4 5 cents per unit for each cleanmg. Data obtained from installa- 
tions where accurate cost records are kept show that this figure is con- 
servative for labor at 45 cents an hour. The cost of cleaning other 
reflectors is taken in proportion to the amount of labor required 

The maintenance charge is given for a 1000-hour period of burning. 
To find the annual charge in any case, it is necessary to multiply by the 
total hours of burning and to divide by 1000 hours. 

The energy cost is given for a 1000-hour period, with energy at 1 cent 
per kilowatt-hour. The energy cost per year is found by multiplying 
by the time of burning m thousands of hours and the rate in cents per 
kilowatt-hour 

An example will illustrate the use of Table XLIII It is required to 
find the total operatmg expense per year for lighting an erecting room. 
This room is hghted with 22 1000-watt, gas-filled tungsten lamps The 
lamps are burned a total of 4000 hours per year and are purchased at 
the discotmt obtained on a $1200 contract. The cost of energy is 2 
cents per kilowatt-hour. 
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Lces of lamps and reflectots upon which calculations of this table are based are approximate, they are used here solely for oonTenience m engmeenng calculations 
nta range from 10 per cent to 40 per cent, depending upon the quantity of lamps ordered. 
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From Table XLIII we obtain the following: 


Fixed charges 


. $ 2.03 

Mamtenance 4 000 X $6 476 


21 90 

Energy 4 000 X 2 X SIO 

, 

80 00 

Total cost per umt 


^ 103 93 

Total cost for system 


2286 46 


In Table XLIII are included annual operating costs which have been 
calculated for a number of cases frequently met m practice, y/ 

PROBLEMS ON FUNDAMENTAL PRINCIPLES OF ILLUMINATION 

1 Determine the total number of lumens per outlet required to light a rectangular 
woodworkmg room to an mtensity of 4 foot-candles The dimensions of the room 
are 100 ft by 00 ft , ceilmg height 20 ft Assume a depreciation factor of 1 26 and 
18 outlets. Show how to arrive at the coeflBlcients of utihzation if the standard 
R L M dome with clear lamp is used Lamps are to be mounted 15 ft above the 
plane of work, which is 3 5 ft above the floor Ceilmg and walls are of medium 
jBolor. State proper type and size of lamp to install 
\/ 2 Design a hghtmg system for a foundry 60 ft by 200 ft , bottom of roof trusses 

28 ft above the floor and 20 ft apart; height to top of crane, 24 ft Locate the 
umts and show aU calculations Give reasons for choice of reflectors 

3 Given the plan of a general office as follows: 60 ft by 60 ft , with two doors on 
the 50 ft. side; two supportmg posts, 18 m in diameter, placed symmetncally 20 ft 
apart and 25 ft from the long wall, ceilmg height, 10 6 ft., hght m finish and free 
from beams; side walls fairly hght fimah Recommend the foot-candle lUummation 
and type of fixture, givmg reasons; make a sketch showmg location of outlets, 
mdicatmg the spaomg distance; give hangmg height of imit, size of lamp required 
and type of bulb, and actual foot-candle illumination resultmg from lamp just stated 
as required 

4 Will the coeflBoient of utilization for R L M reflectors and tungsten lamps be 
the same m a room 16 ft by 16 ft by 16 ft as m a room 40 ft, high, 100 ft. long and 
76 ft. wide? Give reasons for answer. 
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CHAPTER VI 


I LIGHT, SHADE AHD COLOR 

[M Lt7Ceibse] 

Principles 

Vision. — Vision is accomplished by distinguishing difference 
brightness and in color. Any scene is focused upon the retina 
miniature image in light, shade and color. Light not only illumu 
objects; it models and colors them Therefore, in a broad sense 
lighting expert must be acquainted with the details of hght, c 
lighting, vision and the characteristics of objects. A knowled^ 
these details involves physical measurements, the physiology of vi 
the psychology of perception, and aesthetics. Visual acuity, the i 
mum perceptible brightness-difference, and differences in hue 
in saturation also play a prominent part in vision The last m 
are influenced very much by the spectral character of the lUuminai 

Characteristics of Objects. — The appearance of an object dep 
upon its own characteristics as well as upon the lightmg A pe 
mirror and an object having perfectly diffuse reflection show the 
extremes, respectively, of specular and diffuse reflection. Sum 
for transmitting media, the two extremes are represented respect 
by perfectly transparent and diffusmg media. 

Shadows. — The measurement of intensity of illumination in t 
of foot-candles is a much better means of appraising the lightir 
a plane, such as a page of reading matter, than of three-dimens 
objects. In general, seeing involves the recogmtion of three-di 
sional objects and this is particularly the case in many indu£ 
processes. Therefore, the study of shadows is of great importanc 

lighting. ^ ... .1. 

The direction of a shadow is determined by the position of the ( 
inant Hght source. The character of the edge of the shadow dep 
upon the solid angle subtended by the light source at the shai 
producmg edge. The brightness of the shadow depends upon 
amount of mdirect or scattered light and upon the reflection-f£ 
of the surface upon which the shadow is cast The character of sha< 
depends upon the lighting unit and upon the so-called “ system 
lighting. 

Q1Q 
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The most satisfactory seeing usually occurs under conditions of a 
single predominant light source and some mdirect light reflected from 
the surroundings. The sun, owmg to its great distance, is a hght 
source of small solid angle. For this reason shadows outdoors on a 
clear day are sharply defined. However, their harshness is relieved 
to some extent by the large percentage of skylight On an average 
clear day the total sky contributes about 20 per cent of the total light 
reaching a horizontal plane at noon. Indoors the amount of indirect 
light — that is, the light reaching the shadows — is often considerably 
less than that found outdoors. One of the annoying conditions in 
lighting is a multiphcity of shadows of about the same degree of bright- 
ness. In most cases satisfactory seeing of three-dimensional objects 
demands a dormnatmg hght source. 

Scale of Values. — The term value ” may be borrowed from the 
artist to designate the brightness component of a color. In fighting, 
relative brightness is as important as absolute brightness. The latter 
is of importance from the viewpoint of glare and of certam physio- 
logical phenomena of vision. In judging some other aspects of seeing 
and especially in appraising the aesthetic aspect of an interior, relative 
brightnesses, or values, are of primary importance. There has been 
no standardization of the scale of values which the artist employs, 
but a suggested standardization is mdicated below. 


Abtist’b Scale 

Suggested Scale 

Symbols 

Values 

RefledioTtr-factors 

B 

black 

0-10 per cent 

LD 

low dark 

10-20 per cent 

D 

dark 

20-30 per cent 

ED 

high dark 

30-40 per cent 

M 

medium 

40-50 per cent 

LL 

low hght 

60-60 per cent 

L 

hght 

60-70 per cent 

EL 

high hght 

70-80 per cent 

W 

white 

80-90 per cent 


The artist has used nine values, and fortunately the reflection- 
factors of commercial pigments and other media are such that it is 
possible to standardize such a scale Black and white as actually 
found are merely relative terms, and some allowance must be made 
for this fact in using the suggested scale. It might be advantageous 
for the lightmg expert to adopt these terms in order that he may readily 
describe the decorative scheme of a room. 

The “ blackest ” pigments and other media, as ordinarily used, re- 
flect several per cent, and the “ whitest ” pigments or other media, 
less than 90 per cent of the mcident light. Thus, it is seen that the 
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range of contrast represented by the decorator^s media is usually about 
one to thirty. The secondary or reflected light has limitations. 

Terminology of Color. — The color names now m general use are 
unsatisfactory because they are unwieldy and uncertain in conveying 
a description They have no scientific basis and in this respect they 
are almost meaningless. The data furnished by the spectrophotometer 
should be more widely disseminated and utilized, but further color 
notation is also necessary. The notation should be such as to bring 
to the mind an image of the color as it appears to the eye The data 
yielded by the monochromatic colorimeter appears most satisfactory for 
this purpose The following definitions may make the matter clearer 

Quality of luminous flux is that property of luminous flux detenmned 
by its spectral distribution. Such data are obtained by means of the 
apectrophotometer. 

Color of luminous flux is the subjective evaluation by the eye of the 
iluality of luminous flux. Any color can be expressed in terms of its 
tue, saturation and brightness, reflection-factor or “ value There 
s no simple relation between color and quality of luminous flux. Many 
colors which appear the same to the eye may differ widely in quality 
Dr spectral distribution. However, identical spectral distributions or 
^uahties result always in the same color as appraised by the eye 

Hue is that property of color by which the various spectral regions 
ire characteristically distinguished All colors except purples and 
vhite may be matched in hue with spectral colors In the case of a 
Durple, the spectral hue which is complementary to the given hue is 
irdmarily used for scientific designation. 

In many cases the hue is directly apparent in the name of a color; 
DUt there are a great many color names in daily use which are burden- 
;ome owing to the lack of any suggestion of hue The hue of a color 
s determined by comparing the color directly with spectral colors If 
i match m hue be made between a given color and a spectral hue at 
iqual brightnesses, in general it will be found that the two colors do 
lot yet appear alike. The difference is accounted for by the difference 
n saturation. 

Two hues are complementary if when mixed they produce white. 
iVhite may be considered as a color havmg no hue. By the mixture of 
uminous fluxes of two or more hues, properly chosen both as to hue and 
ntensity, a resultant luminous flux may be obtamed which has the 
jolor white Whenever luminous fluxes of two or more hues are mixed, 
he resultant lummous flux, though it may have some dommant hue, 
nil ordinarily be evaluated subjectively as havmg an admixture of 
s^hite. 
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. . Soiuraiion of a color is its degree of freedom from admixture wi 
white. Monochromatic spectral hght may be considered, for purpos 
of measurement, as havmg a saturation of 100 per cent. As white lig] 
is added, the saturation decreases, until, when the hue entirely di 
■ appears, the saturation is zero White, therefore, is the limiting coL 
having no hue and zero saturation. 

‘ a A tint is produced by mixing white light with a spectral hue. Thi 
is, all unsaturated colors of a certain dominant hue are tints of tl 
completely saturated color or spectral hue. Tints, then, are colors < 
partial saturation / . / ' ' j - 

Brightness of a color^may be expressed m terms of lamberts or i 


terms of relative brightness. For reflectmg media the relative brigh 
ness may be expressed in terms of reflection-factor or “ value/' 

A shade is produced by decreasing the brightness of a color I 
the case of pigments, for example, the addition of various quantitie 
of a perfect black results in the production of various shades of ti 
color 

Notation of a Color. — It is not difficult to visualize the dominan 
hue in terms of spectral hues after a little acquaintance with the lattei 
The hue is specified in wave-lengths of light. It is not so easy to est 
mate the degree of saturation or percentage of white, but this is le£ 
important in general than hue and it can be visualized suflacientl 
closely for practical purposes. Relative brightness, or reflection-factoi 
can be visualized in terms of the value-scale discussed in a previou 
paragraph. 

A sequence of symbols, such as jH S : Bj may be used in describin 
the color of a luminous flux, where H is the hue, S is the saturatior 
and B is the brightness (relative or absolute). Thus a medium-gra 
paper illuminated by the hght of a candle flame (or a colored paper o 
the same appearance) may be expressed as 0.593 . 87 . 45. The firs 
number is the wave-length of the dominant hue in terms of p., th 
second is the percentage of saturation; the third is the value, or reflec 
tion-factor. 

Analysis of Color. — In general, the light which reaches the ey 
directly from primary light sources, or is reflected from objects, i 
colored. Colorless light — white light — is the rare exception an( 
there is no general agreement in this respect. There are various way 
of analyzing or measuring color. The most analytical method is tha 
of the spectrophotometer, by means of which the relative amoimts o 
radiant energy of various wave-lengths are determined. The result i 
the “ spectrophotometric curve " which is very useful to those skillec 
in interpreting it. By this means, illiiminflnts and reflecting and trans 
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mitting media are analyzed as to spectral characteristics. In Fig. 116 
are presented the spectrophotometric curves of vanous common illu- 
minants. 


A 



Wave-lenffUi M 


Fig 116 Spectral Distribution of Energy m Common Ulummonts 

A — Kerosene Flame 
B — Carbon Filament (3 1 w p m h c ) 

C — Acetylene 

D — Timgsten Filament (7 9 lumens per watt) 

E — Tungsten Filament (22 lumens per watt) 

F — Incandescent Gas Mantle 
G — Sunlight 
H — Skylight 

Short Vertical Lmes — Mercury Arc 
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Other instruments for the measurement and analysis of color are in 
general synthetic; that is, they measure in terms of the appearance, or 
of the mixture, of certam standards. The eye is synthetic in its opera- 
tion, seeing white without analyzing it into any of the vast number of 
hues, mixed in various proportions, which may compose it. White can 
be made by a great variety of mixtures of different components, such as 
yellow and blue; red, green and blue; purple and green; violet, blue, 
green, yellow, orange and red. 

There are many tmtometers which measure color in terms of arbitrary 
standards. The latter may be colored glasses, gelatme filters, solutions, 
etc. These are useful in the industries but are not of much value 
elsewhere. 

The trichromatic colorimeter measures color in terms of red, green 
and blue It is a well-known fact that a mixture of lights of these threo 
primary colors in various proportions will match any color. Vanous 
sets of these primaries are possible. This is a disadvantage because 
the primaries cannot be easily specified. The results of this instrument 
may be presented in terms of the physical mixtures or m terms of sensa- 
tion values. The light of a candle flame would be analyzed in sensation 
values approximately as red, 55 per cent; green, 40 per cent; blue, 
6 per cent. 

The monochromatic colorimeter is the most satisfactory colorimeter 
for analyzing color m terms of what the eye sees m appraising the color. 
By means of this instrument color is analyzed mto hue, saturation and 
brightness. The dominant hue is compared with the spectrum and is 
specified in terms of wave-length The spectrum is a ready-to-use 
invariable standard for this purpose After a spectral hue is chosen 
which corresponds to the do min ant hue of the color, the former is mixed 
with white hght until the proper degree of saturation is reached. In 
this case the spectral hues are considered to be completely saturated; 
that IS, of 100 per cent saturation. If white light comprises 40 per cent 
of the resultmg mixture, the color is said to be of 60 per cent saturation. 
The brightness factor is measured by a photometiic method, and is 
usually given as reflection-factor. Purples — for which no spectral hue 
is available — are usually measured by this method in terms of the 
complementary hue — a green A disadvantage of this method at the 
present time is the lack of a standardized white light which can be 
readily reproduced Clear noon sunlight appears to be a satisfactory 
white and it is fauly constant over various parts of the world. However, 
there are obvious difficulties in its use. 

By this method the light of a candle flame would be indicated as 
havmg a hue correspondmg to 0.593/x and a saturation of 87 per cent. 
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Sometimes the latter would be given as 13 per cent white. In this case 
the brightness factor depends upon whether the flame or an flluminated 
white surface is under consideration. 

Graphical Representation. — The results obtained by means of the 
trichromatic colorimeter may be plotted in tri-lmear coordinates, there 
bemg three quantities corresponding to the relative amounts of the 
three components, namely, red, green and blue. The geometrical 
figure is an equilateral tnangle, each side forming a base line for the 
component indicated by the opposite apex. The vertical distance 
between the base hne and the apex may be divided into a himdred equal 
parts, and a distance as measured from the base line to the apex 
represents graphically the proportion of that particular component. 

By using this color tnangle as a base and erecting a double pyramid, 
all colors may be represented, mcluding aU tmts (to white at one apex) 
and aU shades (to black at the other apex). 

There are various possible ways to represent the results obtained by 
means of the monochromatic colorimeter but none is m use at present. 

Color Mixture. — In many applications of color in hghtmg, the prin- 
ciples of color mixture may be utilized. The greatest difficulties have 
been encountered perhaps through the confusion of the primary colors. 
There are three general methods of color mixture, namely, the additive, 
the subtractive and the juxfcapositional, which is a special form of the 
additive method. Many applications of color mixture involve both 
methods 

Matching a color in hue by a proper mixture of three primary colors, 
such as red, green and blue, is termed the additive method. Many 
sets of primary colors can be used, and a satisfactory set can be deter- 
mined by experiment. In order to obtain these primary colors it is 
generally necessary to subtract certam colored rays from the illuminant, 
usually by colored screens. The latter is an example of the subtractive 
method and is the one employed m the mixture of pigments. It may 
be demonstrated by superposing colored glasses or other filters 

The subtractive pnmanes are commonly consideied to be red, yellow 
and blue, but m reality they are purple, yellow and blue-green 

From the former set, purple, for example, cannot be obtained sub- 
tractively The two methods and their relations may be expressed as 
follows 

Red + Blue = Purple, 

Green -1- Red = Yellow, 

Blue + Green = Blue-green. 

It wDl be noted that the results in the foregoing addition of lights are 
the subtractive primaries and that the latter are complementanes of the 
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additive primaries. By transposing any of the quantities from the left- 
hand member of the equations, subtractive combmations are obtained 
and their results become obvious. The tendency of additive mixtures 
is toward white; the tendency of subtractive mixtures is toward black. 

It is seen that the results of the additive method are those of true 
addition of light. The juxfcapositional method is exemplified by stain- 
ing one edge of a pack of white cards red and the opposite edge green. 
After alternate cards are reversed in such a manner that an edge of 
the pack consists of red and green narrow strips, this edge when viewed 
at a distance will appear yellow That is, the results are the same, as 
to hue, as those obtained by means of the additive method. However, 
the brightness is not equal to the sum of the two — red and green — 
but is the average of the two. The juxtapositional method of color 
mixture is exemplified in textiles, in certain processes of color photog- 
raphy, and m lighting by means of color screens made up of juxtaposed 
colored filters. This method is sometimes useful in making colored 
screens for lighting purposes. It can be demonstrated by miring colors 
by means of colored sectors on rotating disks. 

Color and Vision. — The visual phenomena of color have been very 
extensively studied; yet there remains a vast imexplored unknown. 
Many of the problems pertaining to color which arise in lighting 
practice can be solved, or at least can be better understood, by apply- 
ing present knowledge pertaining to color and vision. A few of the 
most important phenomena will be briefly described. 

SimvltaTieous Contrast — Colors mutually affect each other when 
viewed simultaneously, the magnitude of the influence being greatest 
when the colors are in juxtaposition The phenomena may be divided 
into two general parts, namely, hue-contrast and brightness-contrast. 
As these two influences are usually at work simultaneously, it requires 
keen analysis to diagnose a particular case. They are important in 
the appearance of colored objects and must be credited with supplying 
a great deal of beauty to aU van-colored objects. An excellent demon- 
stration can be made by placing a piece of white cardboard against a 
colored background. The former wfll appear of a dehcate tint whose 
dominant hue is approximately complementary to that of the colored 
environment. 

Growth and Decay of Color Sensation. — The vanous color sensations 
do not rise to fuU value immediately upon presentation of the stimuli 
and likewise they do not decay to zero immediately upon cessation of 
the stimuli. jPurther, the different color sensations rise and fall at 
different rates. Of the red, green and blue sensations, the green is the 
most sluggish and the blue the most active. 
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AfteT’^mages. — After a stinmlus of a color sensation is removed, 
the sensation persists for some tune, the length of time depending upon 
the color. This persistence of the sensation is one type of an after- 
mage. During its decay its appearance continually changes. 

VtsiLol Acmty, — It has been proved that visual acuity, or the 
ability to distinguish fine detail, is better in monochromatic light than 
n light of eictended spectral character The effect is not so marked for 
Drdinary seeing; yet details, such as letters on an ordinary printed 
page, do appear better defined under monochromatic light. In other 
p^ords, for equal discrimi n ation or clearness of a page of type, lower 
intensities of illumination are required with light approaching mono- 
chromatism than with hght having a more extended spectral character. 
Results obtained with a yellow light whose spectral character could 
be so altered as to approach more and more toward monochromatism 
mdicate that the increase in defining power in this case approximately 
offsets the opposite effect due to the attendant decreasing illumination. 

Applications. — It appears desirable from an analytical viewpoint 
to divide the problem of lightmg into two parts, namely that which 
involves light and shade or distnbution of brightness, and that which 
involves color. In dealing with the first part, one is concerned with 
the distribution of light; and with the second part, with the spectral 
character or quality of hght. Sometimes these two phases are intri- 
cately interwoven but there is much advantage m general in consider- 
ing them separately, especially if it be granted that lighting should be 
considered broadly from the viewpoint of the expression or mood of a 
room, the appearance of objects, satisfactory seemg, etc 

Expressiveness of Light. — The art of the decorator has been recog- 
nized for centuries but, strangely, it has not been appreciated that 
light in the hands of the lighting artist has greater potentiality than 
the decorator’s media. As the decorator must depend upon refiected 
light, the mood or expression which he strives to obtain in a room also 
depends upon light. Therefore, lightmg has expressive possibilities. 
In fact, various moods or expressions in a given room can be obtamed 
by varymg the distribution and quality of light. If hght is considered 
as a medium similar to, but more powerful than, the pigments and 
other media of the decorating artist, its great potentiahty will be 
appreciated, particularly if hghting fixtures are considered as a means 
to an end and if lightmg effects are considered primarily. Decoration 
consists of lights, shades and colors This is true of lightmg effects. 
Architectural details, walls and ceilings, paintings and furnishings owe 
their viBibihty to light and their appearance to lighting Their com- 
posite effects are responsible for the final expression of the interior or 
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exterior. That these are great truths m lighting can be determined 
by observation and most emphatically by experiment. 

The mobility of artificial light — it comes and goes at the pressure 
of a switch — is a property which it does not share with the decorator’s 
media. 

Psychology of Light. — The definite data on the psychology of color 
are so meager that it is difficult to treat the subject bnefly, therefore, 
only a few general statements will be iucorporated here. It appears 
quite probable that at some future time the language of color will be 
generally understood 

There is general agreement in classifying colors into warm and cold 
groups. Spectrally these attributes are found to lie in regular suc- 
cession. Yellow, orange and red are the regions to which the attribute 
of warmth is given. The cold colors are found at and near the blue 
region The neutral colors are found in the central region, namely, 
the greens and adjacent colors, and neutrality is again approached at 
the very extremes of the spectrum. Fairly neutral colors also usually 
result from an additive mixture of the colors near the extreme limits 
of the spectrum. 

In general, if the hght source is visible (it may be either a primary 
or a secondary hght source) its color plays a dommatmg part in the 
impression upon the ordmary observer If the primary hght sources 
are concealed, the color of the surroundings are more effective in pro- 
ducing the impression than the actual color of the important surface, 
such as a book which the observer may be readmg, or goods on dis- 
play in a show-wmdow. Specific examples may make the point clear. 
If a semi-indirect bowl be of a warm color, such as orange-yeUow, the 
observer whose aesthetic sense demands the warm color will often 
neglect to inquire further In other words, the hghting will usually 
be satisfactory to him, notwithstandmg the fact that the hght which 
constitutes the predominant part of the useful lUummation may be 
the much whiter light emitted by a gas-mantle or tungsten filament 
located in the semi-indirect bowl. Another example can be drawn 
from many installations of artificial dayhght which have recently been 
made. Notwithstandmg the fact that a quahty of light closely ap- 
proaching dayhght is, in many cases, not only desirable, but proper, 
tradition or habit requires that the artificial hght must be of a yellowish 
color. If the surroundings, such as the background m a show-window 
or the walls and ceiling of a picture gallery, be covered with warm 
colors, the white hght from the artificial-daylight umts can be directed 
upon the objects to be displayed and yet the warm appearance of the 
whole will be largely mamtamed. 
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A room with southern exposure, which receives much direct sun- 
light, can be cooled to some extent by the employment of cool 
colors m the furnishings. Conversely, a room with northern exposure 
can be '' warmed ” considerably by the employment of warm colors 
in the surroundings It is true that the hght is somewhat altered by 
selective reflection from the colored surroundings, but the major portion 
of the effect is often apparently purely psychological. A theatre in 
the summertime may be illuminated by light of the “ cooler ” tints. 

It is weU to emphasize the apparent existence of two distinct mental 
attitudes in regard to color in hghting. Rooms are generally decorated 
for daylight conditions and are presumably satisfactory when com- 
pleted However, in spite of the fact that all iQuminants ordinarily 
used for general mtenor hghting are quite yellow in integral color in 
comparison with daylight, complaint is sometimes heard of the garish 
whiteness of the unaltered light emitted by modem gas and electric 
filament lamps. The correction resorted to is usually the apphcation 
of yellow screens of glass, gelatine, or silk fabric. Why, if the daylight 
condition is satisfactory, is the artificial lighting too cold? Obviously 
the question is answered by admitting the existence of day and night 
criteria which are widely different The reason for the existence of these 
two very different criteria possibly may be correctly attnbuted to tra- 
dition Artificial light for ages was quite yellow, and only recently 
have the iLluminants become considerably whiter. Perhaps the de- 
mand for yellow artificial hght arises from some aesthetic sense which 
is largely due to the insistence of habit. It is difficult to account for the 
foregomg m any other manner, considermg the tremendous difference 
in color still existing between most artificial iUuminants and natural 
daylight. It is not the author's desire here to condemn this double 
standard but to diagnose it. It is a condition which must be met and 
one which involves many of the facts and applications of color science 

There are available some data on color preference, but such data 
must be carefully interpreted or difficulties will be encountered In 
obtaining data on color preference, the observer is concerned with 
nothmg except the colors being compared Other considerations which 
enter mto lighting problems caU for a modification of data on color 
preference before the latter can be apphed. For instance, pure colors 
are more frequently preferred than tints and shades — a fact established 
by various mvestigators, yet this does not apply to the decoration 
and lighting of an interior Of the pure colors, the reds and blues are 
the more often preferred of a group of pigments representing the entire 
range of spectral colors as well as the purples. Yellow usually ranks 
qmte low m the preference order. Strangely enough, the colors more 
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commonly encountered in interior decoration (cream, yellow, orange, 
buff, brown) generally rank low in such color-preference mvestigations. 
Perhaps, in such cases, the momentary dehght in the less common 
color sways the judgment oppositely to the feeling resulting from pro- 
longed association with the color. Certainly the warmer tmts and 
shades predominate in interiors, and usually these correspond in hue 
to the yellow-orange region of the spectrum. The purer tints of light 
may be used for purely decorative purposes and may be used only 
when desired. This is one of the great advantages of the mobility of 
light. 

Effect of Surroundings. — The surroundings are very important in 
molding the mental impression of a hghtmg condition The distri- 
bution of light and shade is largely controlled by the reflection coeffi- 
cients of the surroundmgs. 

A colored surface appears colored by reflected light because it has 
the property of reflectmg light of certain wave-lengths and of absorbing 
others, thereby altermg the mcident light. A yellow wallpaper re- 
flects the blue rays only slightly, the result of subtracting blue rays 
from white light being a yellow hght. A red fabnc appears red under 
daylight because it reflects only the red rays in daylight. It appears 
a relatively brighter red under tungsten or gas light than under day- 
light for equal illuminations, owing to the relatively greater amount 
of red rays present in the light from the artificial illuminants per unit 
of hght flux. Under the light from a mercury-arc lamp, the red fabric 
.appears almost black, because there are present in the light from the 
mercury arc, practically no rays which the red fabric is able to reflect. 
This shows that the relative bnghtnesses of colored objects vary with 
^the spectral character of the illuminant and that selective reflection 
^from the surroundings is responsible for a change in the color of the 
mcident light. Daylight entermg interiors usually has been altered 
by reflection from many colored objects, such as buildings, foliage, 
pavements, lawns and earth, with the result that dayhght in interiors 
is qmte variable in quality. This variation causes difficulty in accurate 
color work from day to day and from season to season. As skylight 
is much more bluish in color than sunhght, tremendous variations in 
quality are apparent as the relative amoimts of sunlight and skyhght 
vary. Moreover, the variation in the relative amounts of skyhght 
and sunlight entering windows or other openings is generally contmuous. 

The influence of the surroundmgs upon the color of the useful light 
at a given point, such as a desk-top, depends upon the relative amounts 
of light reaching the point directly and indirectly. For ordinary 
direct-hghting systems, the alteration due to colored surroundings is 
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usually appi'eciable although not so great as for indirect-lighting sys- 
tems. In a representative case, it was found that the light from tung- 
sten lamps in an indirect-hghting fixture was altered to a color even 
yellower than the old carbon lamps when the colors of the cream- 
tinted ceiling and brownish-yellow walls were of a very common com- 
bination. The effect is of considerable magmtude in semi-indirect 
installations, depending, of course, upon the relative values of the direct 
and indirect components. 

If in a given case of indirect lightmg the artificial Ulummant is too 
3old, it is possible to obtain identical results by two expedients. In 
3ne case the walls and ceilmg would be refinished with coverings of a 
svarmer or yellower tint, in the other case, a yellowish screen would 
be placed over the lighting unit so as to alter the hght by selective 
absorption. 

The following sums up a few simple but pertment facts. A yellowish 
surface under daylight illumination may appear exactly hke a neutral 
nirface xmder an ordinary yellowish artificial illununant Surround- 
ngs consisting chiefiy of such colors as brown, buff, yellow or orange 
shades, which are neutral or warm in appearance under daylight, 
ippear relatively much warmer by ordinary artificial light. In indirect 
md many semi-indirect systems of lighting, the alteration of the light 
Dy colored surroundings is so great as to produce in many cases an effect 
vith a modem lUuminant similar to that obtained with the old illu- 
ninants in ordinary direct fixtures. 

Artificial Dayli^t. — For the production and appreciation of colored 
ibjects, daylight is the generally accepted standard The arts as well 
IS the eye have been evolved under natural light, with the result that 
he demand for light approaching dayhght in quality for many pur- 
x)ses is deeply and permanently rooted. As dayhght varies tremen- 
lously in spectral character, it is necessary to determine standards, 
vleasurements of mtensity and quality of north skylight on a clear 
lay reveal a fair constancy, which doubtless accounts for the depend- 
•nce upon north skylight for accurate color discrimination. However, 
lorth skylight varies from clear to cloudy days, but not so much as 
he light from other pomts of the compass in northern latitudes. Clear 
lOon sunlight is quite constant, and although not always available 
epresents a fair average daylight outdoors Noon sunlight and north 
kyhght have, therefore, been accepted as two distinct standard day- 
ights. 

There are three possible methods of producing artificial daylight; 
lamely, (1) directly from the hght source; (2) by addmg complemen- 
ary li^ts in proper proportions, (3) by altering the light from an 
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iUnrainant by means of a selective screen The only available illu- 
minant at present which fills directly the requirements of accurate 
color work is the Moore carbon dioxide tube lamp The Moore tube 
emits light approximating skylight in quality closely enough for the 
most exacting color matching 

Some years ago the hght from the tungsten lamp was combmed with 
that from the mercury arc in such proportions as to give a subjective 
white light This combmation met some requirements, but could not 
possibly approximate daylight in spectral character owing to the dis- 
continuous spectrum of the mercury arc The spectrum of the light 
from the Moore carbon dioxide tube is discontmuous, but only for small 
intervals. On various occasions colored lights have been combined 
with the light from ordinary artificial illummants to produce an ap- 
proximate daylight effect. However, the only method of producing 
artificial daylight which up to the present has been extensively applied 
is that which involves the use of colored transmitting or reflecting 
screens These have been used with gas mantles, arc lamps and 
tungsten filament lamps. 

In cases where accurate color matching is required, efliciency 
should be a minor consideration and experience has proved this to be 
very generally true. Using modem gas-fiUed tungsten lamps, north 
skylight of satisfactory quahty is reproduced by the subtractive method 
at losses of from 75 to 85 per cent of the original hght. It has been 
found that colored screens can be produced mexpensively and with 
suflicient accuracy to meet the requirements. 

Experience has shown that, for the less refined color work, little 
or no advantage is gamed in correctmg the light further than to an 
approximation to clear noon sunhght. For this reason practical arti- 
ficial sunhght units have been developed. These units, whose impor- 
tant part consists of an enclosmg colored-glass envelope, have been 
installed for general lighting purposes m many different fields The 
absorption losses of these units, when used with gas-jBUed tungsten 
lamps operating in the neighborhood of 18 lumens per watt, are ap- 
proximately 50 per cent The color of the resultmg light blends well 
with daylight entenng interiors. 

The quality of light known as artificial north skyhght is the most 
generally acceptable for accurate color work, such as matching and 
inspecting colors. It is not used for hghtmg large areas in the sense 
of general Kghtmg, although there are some rather extensive installa- 
tions m existence. 

Artificial daylight has also found its way into fields which it would 
not be generally expected to enter. For instance, there has always 
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existed a feeling of dissatisfaction with the lighting during the late 
afternoon, the period of the day when dayhght must be reinforced by 
artificial light This is perhaps partially due to a difference m the dis- 
tribution of light in the two cases. However, the difficulty is also par- 
tially, if not largely, due to the difference in color. 

Other Applications of Colored Light. — Many diversified applications 
of the principles of color mixture may be made. The stage offers the 
greatest possibilities, although ordinary specifications of stage lighting 
often provide only clear, red, and blue lamps. The range of colors 
resulting from mixtures of these is quite limited As lighting effects 
are valuable tools in the hands of the stage director, it is suggested 
that facilities be provided for using at least the three primary colors, 
red, green, and blue, and also clear lamps. If space permits it would 
be desirable to add yellow lamps Yellow can be obtained by mixing 
red and green, but inasmuch as it is an important stage-lighting color 
it is undesirable to sacrifice it in obtaining the red and green ongmaUy 
and then to produce it agam by mixture at a greatly reduced efficiency 
The primary colors have been used in show-wmdows and for many 
special effects, such as in a certain residential installation which has 
red, green, and blue lamps installed above a large oval panel of opal 
glass set m the ceilmg of a dining room. Any quahty of light can be 
obtamed with this installation, by controlling various lamps by means 
of three rheostats located in a cabmet m the wall. A number of instal- 
lations on a larger scale have been placed m ballrooms and restaurants. 
Such apphcations should be more numerous, considering the pleasure 
obtamable. A few cases have been noted where colored hghts have 
been mixed for the general illumination of theatres, billboards, special 
displays, baUrooms, etc Flashers have usually been used, but rheo- 
stats can be readily designed to be mechanically operated so as to vary 
the mtensity of the several components by imperceptible increments. 
Beautiful effects have been obtamed by illuminating clothing models 
with mixtures of the primary colors, accentuatmg the effects occasion- 
ally by directed unaltered light The latter effect is mtensely beauti- 
fied by the colored shadows which remain. These are due to a flood 
of colored light of a lower mtensity than the clear directed light. In 
ordinary lighting, tints are more satisfying to the aesthetic sense than 
saturated colors, and these tmts are readily obtained by adding lights, 
fairly saturated in color, to the ordinary unaltered light. In general, 
it IS necessary to conceal the sources 
Colored Ught has been used successfully in the floodlighting of monu- 
ments, buildings, and pageants. In a few rare instances, colored light 
[las been apphed to billboards and other displays, and doubtless this 
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field will be developed eventually. Special color effects have I 
proposed m which complete changes are produced by properly assoc 
ing the colored pigments, used in painting the scene or adverti? 
material, with the colored illuminants. These should eventually 
a wide field also on the stage and m displays. A few applications h 
been made, but the diflSculty at present lies in the necessity of a c< 
plete grasp of color science in order to accomplish the desired results 

Colored Media. — Essential tools in applying color in lighting 
colored media and a knowledge of the fundamental principles of 
science of color The latter have been briefly discussed in preccd 
paragraphs and a few suggestions regarding colored media are i 
sented below. Illuminants differing in color have been harinoniou 
blended in many instances, but the greater possibilities of such appli 
tions naturally are found in installations of great magnitude. In 
general practice of color in lighting, an acquaintance with coloi 
media is essential. Among the chief colored media are glasses, t 
fabrics, gelatines, lacquers, pigments, anilme dyes, and chemical sa 
Signal glasses, with little or no correction, often afford excellent primt 
colors for applications of color mixture. Lacquers can be colored w 
anilme dyes and other materials, provided a proper solvent is employi 
Often an insoluble pigment or dye can be suspended in a binding meclii 
to a sufficient degree to enable lamps or glassware or other media 
be colored by immersion 

Colored fabrics such as silk lend themselves to many applicatic 
of mterior lightmg. Colored solutions find uses especially in tempora 
hghtmg installations and in demonstrations. 

The method of using these materials obviously varies with the prc 
lem at hand. If colored glasses of proper spectral characteristics o 
available they can be placed in such a position as to mtercept the lig 
emitted by the fllummant. However, if the correct tint is not at han 
it is often possible to obtain the desired result by combining cole 
accordmg to the various methods of color mixture. 
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CHAPTER VII 

DAYLIGHT 

[M Luckibsh] 

What Is Daylight? — The sources of daylight are primarily the sun 
and the sky, although an appreciable amount of the hght which reaches 
a given point outdoors is reflected by the surroundmgs The amount 
of direct sunlight varies mversely with the amount of skylight; tliat 
is, an mcrease of skyhght is obtamed at the expense of the amount of 
direct sunhght. On average clear days, when the sun is high, the 
amount of skylight which reaches the upper side of a horizontal sur- 
face IS about 20 per cent of the total mcident hght On very cleai days 
this decreases to about 10 per cent and at very high altitudes to only a 
few per cent. On uniformly overcast days, obviously the light which 
reaches the earth comes entirely from the slcy The amount of sky- 
light increases with decreasing zenith distance of the sun and with 
increasmg cloudiness The maximum percentage of skylight occurs 
when there is a uniform cloud-sheet corresponding to stratocumulus 
clouds of moderate density The percentage of skylight then decreases, 
reaching its lowest values for very clear and for very cloudy sides, 
the latter, of course, being dense layers of nimbus The intensity of 
direct sunlight decreases with the altitude of the sun, owmg to the 
mcreasmg depths of the atmosphere through which the dnect light 
must penetrate The hght is diminished by absorption and by scatter- 
ing due to the atmosphere. The percentage of skylight reaching a 
horizontal surface is easily found by comparing the biightncss of a 
small shadow with that of the surface receiving both sunlight and 
skyhght. All daylight quantities are extremely variable, owing to the 
variations m cloud-formations and m cloudmess. 

Intensity. — The illummation produced by sunlight varies with the 
altitude of the sun, but on clear days at noon it reaches 10,000 foot- 
candles on a horizontal plane. The illummation due to skylight on 
clear and hazy days varies usually between 1000 and 2000 foot-candles 
It sometimes reaches 2500 foot-candles. Obviously, the minimum 
intensities of skylight and of sunhght are zero The average intensity 
of dayhght in the latitudes of the northern part of the Umted States 
is at least several times greater in June than in December. Smoke 
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in the atmosphere greatly reduces the intensity of dayhght. In in- 
dustrial districts the intensity falls to only a small fraction of that 
found in the countiy on the same day. On clear days the absorption 
of the atmosphere may be more than 26 per cent. 

Quality. — The spectral character of sunlight when the sun is high 
on clear days is fanly constant and may be considered white light. 
The spectral distributions of noon sunhght and of north skylight are 
shown in Fig 116 (Chapter VI). Average daylight is obviously a 
mixture of these, the addition of skylight tending to make the total 
dayhght bluish as compared with noon sunhght. The selective absorp- 
tion of the atmosphere tends to modify the sunlight, as the sun passes 
from the zemth to the horizon, toward yeUow and even red. Average 
dayhght throughout the day is an uncertain quantity. It may safely 
be considered to be yellower than noon sunlight The sky is blue 
because of the selective scattering and absorption by the atmosphere. 
If the atmosphere did not exist and if the region above the earth were a 
perfect void, the sky would be black in the daytime. 

A demonstration of the selective absorption and scattering of light 
by fine particles can be made by means of a puff of smoke When 
viewed by reflected light it is bluish; this is particularly true of the 
3moke curUng upward from the lighted end of a cigar. The shadow 
Df the smoke as viewed upon a white surface appears brownish in 
lolor This shows that the smoke transmits the hues of longer wave- 
engths with greater facility than those of shorter wave-lengths, such 
IS blue. Incidentally, the smoke from the moist end of a cigar, or that 
ixpelled after havmg been held m the mouth for some time, appears 
imte white. This may be accounted for by the condensation of mois- 
lUre about the fine particles of smoke (small nuclei facihtate condensa- 
lion), with the result that the particles are now too large to scatter 
ight selectively The blue of the sky is due to this selective scattering, 
lerhaps even by molecules of the gases present. From the duration 
)f twilight, it may be computed that there is appreciable matter m the 
bir at altitudes of 60 to 100 miles 

Standard Daylight. — Noon sunlight on a clear day is sufficiently 
onstant in quality or spectral character to be taken as a standard of 
vhite light. The light from a clear north sky in the northern hemi- 
phere is also fairly constant in spectral character These are considera- 
ions which have mfluenced the development of artificial dayhght. 
^he daylight which enters mteriors is modified more or less by reflec- 
lon from colored objects, such as trees and buildings. Owing to this 
lodification and the variability in mtensity and quality of dayhght 
ue to atmospheric conditions, clouds, the changing altitude of the 
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sun, and to other factors, an artificial daylight is advantageous 
accurate discrimination of color. 

Brightness. — The range of brightness outdoors is very great. 
brightness of the sun is about 500,000 lamberts, the zenith sky 
midday vanes usually from 0.5 to 2 lamberts; sunlit clouds are scvc 
times brighter than the adjacent blue sky. The brightnesses of shad( 
on the earth are very small fractions of the preceding values. In f 
the range of contrast in a landscape is represented by many thousan 
exclusive of the sun. By mcludmg the sun, the range in contrnKi 
represented by millions. 

The mean reflection factors of the various earth areas os deterinii 
by viewing vertically downward are approximately as follows* 


Woods 

Per cent 
4 

Barren ground 

13 

Fields 

7 

Inland water 

7 

Deep ocean water 

3.5 

Dense clouds 

78 


Nature’s Lighting. — Many lessons pertaining to lighting may 
gained by study and observation of nature^s lighting. The ev 
changmg effects of hght, shade and color in a landscape are of f 
cmatmg interest, producing an endless series of lighting results. T 
same scene changes enormously durmg a given cloudless day. 
general, it is least interesting at noon when shadows aro shortest ii 
harshest But as the sun sinks toward the honzon, shadows lengtli 
and soften and the scene may become much more attractive. T 
same scene not only varies from day to day but from season to scas( 
demonstrating continually the powers of lighting. 

Nature not only provides a vast variety of fightings, which m 
be studied profitably, but it has been a powerful influence in the evo 
tion of taste ^ The general decorative scheme of interiors, with th 
increasmg bi^htness from floor to ceding, bears a resemblance to t 
geneial distribution of values in nature’s landscape The influeiu;o 
lighting upon the mood or expression of a landscape is positively dome 
strated outdoors. Furthermore, nature’s lightmg is powerful enou 
to influence the mood of bemgs, for who has not been influenced 
sunny and by overcast days? Here one has an illustration of t 
psychology of light. 

The mtensity of hght reachmg the earth from the full moon is vc 
^U, the lUumination on a horizontal plane being only a few hu 
dredths of a foot-candle. The spectral character of moonlight is a 
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proxiinately the same as that of noon sunlight. This is interesting in 
view of the fact that it is usually represented as bluish or blue-green. 
It appears bluish by contrast with artificial light. 

Effects of Quality. — Daylight fades many delicate colors, and a 
skylight glass which did not transmit any ultra-violet radiation mig ht 
find applications in museums. Visible radiation, especially when ac- 
companied by appreciable energy which is converted into heat, fades 
colors, but the ultra-violet rays are generally more severe in this respect 
per unit energy than visible rays 

A skyhght glass which transmitted only the visible radiation would 
be advantageous in some cases, as it would reduce the temperature in- 
doors owing to the absorption of the infra-red rays. However, this is 
not very promising, because from an energy viewpoint most of the 
sun's energy reaching the earth is of the wave-lengths corresponding 
to the visible spectrum. The maximum of the spectral distribution 
of the sun's radiation outside of the earth's atmosphere is in the visible 
region of the spectrum Furthermore, the atmosphere, particularly 
the water vapor, absorbs the infra-red radiation very strongly. 

Clear glass is opaque to infra-red energy of the longer wave-lengths. 
The sun's radiation entermg a space enclosed by glass is partially 
transformed into chemical energy in the case of growing plants and 
partially absorbed by objects and transformed into heat. These 
objects are warmed and are now radiators of energy, but of such tem- 
peratures that the radiation which they emit is of very long wave- 
lengths This energy cannot escape through the glass and is, therefore, 
absorbed and partially reradiated inward again Thus, there is a build- 
ing up of temperature until equilibrium is established, the temperature 
finally attained being somewhat higher than the temperature outdoors, 
owing to the absence of cooling breezes, etc. This explains the so- 
called “ hothouse effect " 

Pigments and other materials absorb and reflect light in different 
degrees. A box painted black will become hotter in the sunhght than 
one painted white. Similar pieces of metal, differing in color, will sink 
at different rates into the snow under the influence of solar radiation. 
Even white pigments differ in their ability to absorb and reflect day- 
light. Thus the covering for certain bmldmgs is of importance. In the 
tropics white is the logical color for exteriors of buildings and for clothes, 
from the viewpoint of the coolness of the occupants 

Daylighting of Buildings. — The walls of light-courts for buildings 
should possess high reflection-factors if they are to be maximally effi- 
cient. Walls of buildmgs should be of a light color in order to conserve 
daylight in congested districts. Glazed terra-cotta is excellent from 
the standpoint of keeping clean. 
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In the design of buildings, the area of windows necessary for the 
admission of adequate dayhght depends upon the latitude, the exposure, 
the amount of sky subtended at the windows, atmospheric conditions, 
etc. That it is inadequate most of the time on the lower floors of large 
buildings in downtown districts is evident from the use of artificial hght. 
The areas of skylights, whether vertical or honzontal, and the day- 
lighting results can be computed for any given conditions. However, 
various assumptions must be made and these should be based upon 
authentic data or experience. 

The saw-tooth roof has been used successfully in many factory 
buildings, but where land is valuable such buildmgs possess several 
stories. Under these conditions adequate artificial light should be 
available, and it must be used during a considerable portion of the day 
in many factories. Where the direction of the entering dayhght is 
satisfactory, and machines and various mdustrial operations are oriented 
in respect to it, it is advantageous to arrange the artificial liglitmg units 
so that the dominant direction is similar. Furthermore, in many cases 
where artificial light must be used more or less to reinforce the dayhght, 
it is advantageous to minimize the color difference by using artificial 
daylight. 

There are various means of controlling daylight in interiors. Window 
j shades may be opaque or translucent as best suits the particular case. 
They may be hung from sprmg rollers as is commonly done In this 
case there are some advantages in using two shades, the rollers being 
placed at about the middle of the window, one shade bemg pulled up 
and the other down. In other cases, single shades may be satisfactory, 
but whether they are fastened at the top or the bottom of the wmdow is 
a matter of judgment in the particular case. Some shades are in use 
which are fastened to a large frame of the size of the window. These 
frames are hinged on one vertical edge of the wmdow casing 
I Shutters and louvers of opaque or of translucent material have their 
' uses, and there are now in use some elaborate systems of louvers for 
controUing the light entering skylights. In some buildmgs where over- 
head skyhghts are used, large stationary or movable louvers can be 
utilized for controUmg the distribution of light within certam hmits. 
The design of these depends upon the particular conditions, but no 
insurmountable difficulties will be encountered by those famihar with 
the principles of light control. 

Glasses. — There is an extensive variety of glasses available, such as 
clear, prismatic, sandblasted, etched, ribbed, rough-transparent and 
translucent Their effects depend not only upon their own physical 
characteristics but upon those of the light source as well. 
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The tr^riflTnifJsion-f actor of glasses of this character varies with the 
direction of light through the specimen and with the distribution of 
the incident light. For crystal glasses, the loss of light is chiefly due 
to reflection from the surfaces Sandblasted and acid-etched clear 
glasses may be considered to be miniatures of the pebbled glasses. In 
the following table, certam results are given for crystal glasses having 
various kmds of surfaces. One surface of each specimen is smooth. 
Four transmission-factors are given for each specimen, as follows: (1) 
for a pencil of light with the smooth surface toward the hght source; 

(2) for a pencil of hght with the rough surface toward the light source; 

(3) for perfectly diffused hght (hght source subtending a hemispherical 
angle) with the smooth surface toward the hght source; (4) same as (3) 
but with the glass reversed. 

TABLE XLIV 

TllANSmSSION-FACTORS FOE CrTSTAIi GlASSBS 

TraBBnussion-faotorB 

Diffusd / 


Speounon 

Side Toward Light Source 


For Hemi- 

direct ^ 



For Pencil 

sphenoal 



of Light 

Illumina- 





tion 




Per Cent 

Per Cent 

Per Cent 

1 

Sandblasted 

78 3 

70 2 

89 7 

1 

Smooth 

73 9 

69 6 

94 0 

2 

Acid-etched 

79 4 

70 9 

89 3 

2 

Smooth 

76 8 

70 4 

92 9 

3 

Pebbled 

84 6 

74 6 

88 2 

3 

Smooth 

79 0 

74 6 

94 4 

4 

Coarse ribs 

76 6 

61 7 

80 6 

4 

Smooth 

61 6 

61 6 

119 6 

6 

Fine ribs 

85 8 

79 3 

92 4 

6 

Smooth 

79 0 

79 1 

100 1 

6 

Wavy ribs 

88 4 

82 2 

92 9 

6 

Smooth 

86 0 

82 1 

95 6 


The data m the preceding table are of interest in artificial as well as 
natural lighting The difference in the two values of transmission- 
factor for opposite directions of the passage of the hght through the 
specimen is important The hght lost by reflection is greatest when 
the rays emerge from the rough side of the specimen This is explained 
by considering the prmciple of total reflection m the interior of a glass 
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prism. The glass-air surface reflects more light, in general, than the 
air-glass surface. That is, the reflection is greater when light passes 
from a medium of higher refractive mdex to one of lower refractive 
index than vice versa. In fact, it becomes total reflection for the larger 
angles of incidence in the former case. 

The use of glasses of the refractive type is growing. Pr^ glasses 
are valuable for directing light into remote regions of rooms. Canopies 
of such glasses have been used outside of wmdows, in skylights of 
various kinds, in artificial lighting units, and in various places encoun- 
tered by the lighting expert 

The transmission factor of smooth, clear glass is about 92 per cent 
for perpendicularly incident light, the loss of hght being that reflected 
by the two surfaces. The amount reflected by a smooth surface vanes 
with the refractive index and with the angle of incidence. For ordinaiy, 
clear, plane glass it vanes as indicated in the accompan 3 dng table for 
a smgle surface when the refractive mdex is 1.55: 


TABLE XLV 


Angle op Incedbincb 

Rbplbction-pactor 

Degrees 

Per Cent 

0 

4 66 

10 

4 66 

20 

468 

30 

4 82 

40 

5 26 

60 

6 50 

60 

9 73 

70 

18 00 

80 

39 64 

85 

6177 

90 

100 00 


The foregoing table indicates the importance of the angle of incidence 
of light, and the problem is met m the case of show-wmdows, skylights, 
etc. Glasses vary considerably m refractive mdex, but the one given 
above represents the average commercial glass used for general purposes 
Distribution Indoors. — In the more co mm on case of vertical sky- 
lights — wmdows — the distnbution of daylight indoors is widely 
different from that of artificial light In general, artificial hght pos- 
sesses a decided advantage over daylight from this viewpomt of dis- 
tribution. Considerable annoyance is encountered from mixtures of 
natural and artificial hght, owmg to the difference m distribution and 
quality The intensity of dayhght vanes enormously in most interiors 
hghted by means of wmdows, and many intenors of considerable ex- 
tent cannot be hghted m the best manner by means of natural hght. 
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Windows are sometimes sources of glare, which cannot be so easily 
avoided by the eyes as artificial hght sources. The latter can be 
screened from the eyes or hung outside the ordinary field of vision. 
Daylight varies in quahty indoors, owing to many factors such as 
selective reflection from objects outdoors and indoors, varying mixtures 
of skylight and sunlight, and seasonal variation. Artificial hght is 
constant in quahty and can be controlled in quantity. 

Computations. — Computations of daylight are usually based upon 
the area of skylight visible at any given point. They are based upon 
the same prmciples as those for artificial light. The brightness of the 
light source times the area of the hght source gives the luminous in- 
tensity. The inverse square law may then be called upon, provided 
the distance to the source is several times greater than the maximum 
dimension of the source. The area of the Hght source is usually that of 
the area of the opening through which sky is visible. Allowances must 
be made for vanations in sky brightness, unclean skylights, etc. 

Many arrangements of skylights are possible Windows may be 
low or high, such as the clerestory windows. All these variations are 
potential means of improving the utilization of daylight and call for 
the close cooperation of the architect and the lightmg expert. 

Cost of Daylight. — In the consideration of natural and artificial 
lighting in interiors, it is often stated that natural hght has one great 
advantage over artificial light in that it costs nothmg However, this 
conclusion is far from correct. In fact, it can be shown in many in- 
stances that natural hght costs more than artificial hght in intenors. 
Wmdows and skyhghts in general cost considerably more to construct 
than ordinary walls and ceilings of the same area. The mterest in this 
excess in investment must be charged to natural lightmg in interiors. 

Overhead skyhghts and windows must be maintained and cleaned. 
The breakage in some skylights, owing to snow and ice, changes in 
temperature, and accident, are appreciable items In fact, these are 
excessive in some cases. The cleanmg of wmdows and overhead sky- 
lights is a large item in buildings. Even in a residence the cost of 
cleanmg windows equals a large fraction of the cost of artificial light. 
These expenditures must be charged to natural lighting. 

In buildmgs where large glass areas are installed, such as the over- 
head skyhghts in an art museum, an extra allowance for heatmg is 
made. This must be charged to natural lightmg. 

The light-courts in large buildings in congested cities are installed 
at the sacrifice of large floor areas and thus reduce the rentable space 
considerably. The cost of natural hght in such cases is enormous. 
Furthermore, where land values are high, as they are m the business 
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districts of cities, additional investments of no small amounts must be 
charged to natural lighting. It may be said that ventilation is also 
obtained by means of windows and hght courts This is true, but 
ventilation is best achieved by special systems and at best only a small 
fraction of the areas of light-courts and of wmdows is necessary for 
this purpose. 

It may be said that, psychologically, light-courts and windows will 
always be demanded. This might be agreed to if it were not for the 
fact that artificial hght is often required throughout the entire day 
to reinforce the feeble dayhght entering the windows of many offices 
and hotel rooms. Furthermore, millions of persons are workmg quite 
contentedly under artificial light throughout the day. If artificial 
lighting is of the best, it is much superior to natural hghtmg in many 
of the cases where the latter is very costly. By no means is it recom- 
mended that natural light be elirmnated from buildings m general 
The foregoing discussion is presented for the purpose of showmg that 
it costs something to bring it indoors in aU intenors and that it is very 
costly in many cases. However, it is suggested for the benefit of the 
lighting engineer that serious consideration be given to eliminatmg it 
in those special cases where it is obviously very costly and stiU un- 
satisfactory. 


COLLATERAL READING 
Daylight 

Atkinson, W., The Onentation of Buildings or Planning for Sunhght (John Wiley 
& Sous, New York, 1912) 

Luckebsh, M , A Study of Natural and Artificial Light Distribution in In tenors, 
Trans I E S , 7, 388 (1912) 

LuaKTESH, M , and Holladay, L L , The Cost of Dayhght, Trans I E S , 18, 119 
(1923) 

KimbaIjL, H H , Dayhght Illummation and the Intensity and Duration of Twihght, 
Trans. I E S , 11, 399 (1916) 

KimbaUj, H H , Variation m the Total and Luminous Solar Radiation £n the United 
States, U S Monthly Weather Rev , 769 (Nov , 1919) 

Makes, L B , and Woodwell, J E , Planning for Dayhght and Sunhght m Build- 
ings, Trans I E S , 9, 643 (1914) 

Waldram, P J , Some Problems m Dayhght Illumination, lU Eng , 7, 15 (1914). 



CHAPTER VIII 
RESIDENCE LIGHTING 

[M Luckibsh] 

It has been stated that the home is the theatre of life, and its 
ing can be made sufficiently flexible to be adaptable to its v. 
activities, moods and occasions. The hghting in certain rooms m 
theatrical, but this does not mean spectacular. It should be e. 
sive, and its psychological influences should be drawn upon and u1 
appropriately 

In the discussions which follow, fixtures are not discussed fro 
artistic viewpoint Period designs are determined by the furnis] 
the decorative scheme and the architecture, and the artistic fe£ 
of fixtures are purely matters of taste. Fixtures should shieL 
light source from the eye, and the diffusmg media, whether of gh 
textile, should be dense enough to eliminate glare. A fixture ci 
be beautiful or a lightmg effect cannot be artistic if it annoys the 
The householder and all with whom he comes m contact m the lig 
of his house must appreciate that fixtures are a means to an enc 
hghting effect — if the possibilities of fighting are to be enjoyed. 

Light is a medium superior to the decorator^s media in prod 
certain results. It is mobile, but its mobihty cannot be utilized 
out adequate outlets and controls supplemented by fixtures 
possess definite auns. The most desirable fixtures in some place 
those from which two or more different hghtmg effects are obtaii 
With equipment of this character, the householder will find in hg 
one of the most fruitful sources of interest and pleasure If the 
of lighting IS exammed critically and compared with the cost of 
ments, draperies, wall-covenngs, etc , it will be found msignifi 
Clonsiiloring its low cost and its great potentiality, it may be sa 
bo the least expensive of the various factors which contribute to 
making a liouse a home. 

Livmg Room. — The activities in a living room vary from those 
occasions when a restful mood is desired to those when a joyous com 
IS gathered A flood of light is not best for these two extremes 
provide only the monotonous lightmg which is the result of si 
ceiling fixtures and generally inadequate equipment is to linut 
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possibilities of lighting and to insure dissatisfaction. It should be the 
aim in designing the winng and in selecting the fixtures to obtam a 
vanety of lighting effects in order that lighting may do its share toward 
providing the proper environment. After a house is decorated and 
furnished, lighting is the only element having sufficient mobility to 
provide extensive vanety in the appearance of the interiors 

Most living rooms contain a central ceihng fixture, and in the case of 
larger rooms, two or more ceihng fixtures are often used, but such a 
means of lighting this type of room may be shown to possess serious 
disadvantages. In the first place, a fixture in the center of the ceiling 
is generally in the field of view when persons are engaged m conversation 
in living rooms of small and moderate size. It is practically impossible 
to avoid glare and consequent discomfort. Even though the lamps are 
well shaded, there is usually a noticeable glare. In fact, the brightness 
of the ceiling, due to semi-mdirect or totally indirect lighting, may be 
annoying when it must be endured for a long time Another disad- 
vantage of such lighting in the livmg room is the martistic symmetry 
of the lighting effect. A simple experiment which brings out the com- 
parison between a symmetrical and an asymmetrical distribution of 
light emphasizes the general desirability of the latter m rooms where 
artistic effects and expressiveness are obtained without a keynote of 
symmetry in such factors as the arrangement of furmture. This is the 
condition that exists in the usual living room. 

In small living rooms the central ceiling fixture may be a necessary 
compromise, owing to the limited space. In larger rooms the ceilmg 
fixture is usually an obtrusive object and it often apparently reduces the 
size of the room As hvmg rooms increase m size, the difficulties in 
hghtmg diminish. Portable lamps afford the most generally effective 
means for hghtmg this type of room. They are mobile, as many may 
be hghted as necessary; the number of lighting effects obtainable 
increases with the number of lamps and circuits; and the lamps may 
be at all times decorative furnishings. An adequate supply of base- 
board receptacles makes it easy for the housewife to rearrange the 
furniture without bemg restramed by lighting considerations. This is 
always a desirable feature, but in most homes at present the supply of 
receptacles is very inadequate. 

A small living room should have at least four baseboard outlets, and 
' a room 14 feet by 24 feet should have at least six. It may be helpful 
to follow a definite rule evolved from analyses and experience One 
such rule which meets the requirements is one baseboard outlet for each 
1 50 square feet of fioor area in the living room. Floor plugs are usually 
unnecessary and inconvenient from the standpoint of fioor covermgs; 
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however, there are some conditions which appear to demand them. If 
it is certain that a library table is to be placed permanently away 
from the wall, a floor plug may be provided at the proper location. 
It is sometimes desirable to carry the wire down through a leg of the 
table. 

Owmg to their position, wall brackets are sources of discomfort if 
they are not heavily shaded. They are nearly always in the fleld of 
vision when several persons are engaged m conversation m the hving 
room. If they are depended upon for general lighting, the bnght walls 
and ceilmg are often annoying If they are located properly and are 
equipped with pendent shades, they may serve as reading-lamps, but, 
bemg fastened to the wall, they do not possess the advantage of mobility 
which IS a feature of portable lamps. Their positions may be pre- 
determmed m a manner similar to those of baseboard outlets, namely, 
by relatmg them to the arrangement of the furniture The wiring of 
a new house cannot be laid out to best advantage unless the arrangement 
Df the important articles of furmture is first considered. Wall brackets 
may serve purely utilitarian purposes, but their chief right to exist in 
the hvmg room is as vital sparks of ornament. This is a sufficient 
reason for the existence of any fixture which is mtended only to be 
decorative. A beautiful bracket equipped with a dense shade containing 
i small lamp is as ornamental as any piece of bric-a-brac can be. Small 
'amps and the largest shades compatible with artistic appearance 
3onspire to reduce the bnghtness of wall brackets and brmg it within 
DToper hmits for comfort Dense diffusing glass appropriately tinted, 
Darchment, and dense textiles are satisfactory matenals for shades for 
vaU brackets. 

In the hvmg room, and, in fact, m most rooms, the illummants of 
varm tints are generally desired by those who are sensitive to the 
lesthetic features of their environment. This warm tone may be 
ibtained to some extent by means of tmted shades but is more easily 
)btamed by a tinted lamp. However, it is a common mistake to use 
imber instead of warm yellow. Experiments with incandescent fila- 
nent lamps tinted to match the color of the candle flame emphasize 
he charm of tinted light m the home. Color is demanded m every 
Lspect of the home where artistic considerations are present and it is 
lound to be more and more utihzed in hghting. 

Dining Room. — By comparison with the living room, the dinmg 
oom m some lespects represents the other extreme The arrange- 
nent of furmture m the dining room is very definite, and the settmg 
Q this respect is never changed Here, symmetry is a dommant 
fcote. The dining table is in the center of the room, and the technical 
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problems involved in the hghting may be solved in a straightfon 
manner. 

In discussing the lighting of the dining room, it appears bes 
analyze the various methods which have been employed, pointing 
their defects and desirable features. It is noteworthy that the decoi 
often employs wall brackets m elaborate dining rooms They ma 
a«rtistic objects, but despite their beauty, they are inappropriate 
providmg the important lighting of a dining table. They have ] 
reason to exist at all in such a room from the standpoint of lighi 
Even though the table is Kghted by local lamps in the form of cai 
sticks, the lighted brackets are usually distracting and often gla 
The attention of the diners is sure to wander to them, and that fee 
of umty so essential to an harmonious effect is lacking. There 
strife between the center of mterest and these side-shows ” L 
may be said m favor of wall brackets as ordinarily used in a dining r 
even as secondary fixtures, and there is much evidence upon which 
may be condemned. If they are heavily shaded, equipped with 
small lamps, and merely flank certain articles of furniture, they ina 
delightful notes m the setting 

Well-shaded candlesticks containing small lamps may be attrac 
on the table, and they may be very effective. They must be slioi 
order that the view of the dmers may not be obstructed, but too c 
they are a source of glare. Their best oflS.ce is to supplement a 
intensity of general lightmg from fixtures which alone do not provi 
satisfactory effect. If their disadvantages are overcome, they a{ 
charm to the setting, but the unsightly annoying wire which c 
dangles from the central fixture prevents them from being wl 
satisfactory. Candlesticks on the buffet provide a delightful to 
but too often these are so bright that they overbalance the pru 
lighting effect. Mimature lamps are satisfactory for this purpose, 
the low voltage may be obtained from a small transformer. A iS 
factory expedient is to connect two lamps of ordinary voltage in se 
A further refinement in this case is a series-parallel switch, for t 
^ may be occasions when the higher intensity of a parallel connec 
is desired at the buffet 

There are several types of fixtures which illuminate the dining i 
predominantly, but often certain details are neglected with the r< 
that the best effect is not obtained. The shape and height of shade 
usually very important factors. 

The candelabrum, a cluster of hybrid candles surmounted by fre 
lamps, is a ceiling fixture which has been widely installed in dining r( 
in recent years. When candelabra are not equipped with shades 
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lominant light is distnbuted upon the ceiling. The lighting effect is 
lot very different from that of the mverted bowl and is far from the 
)eBt. If the lamps are equipped with suitable shades much of the hght 
nay be directed downward. Although the use of shades improves the 
andelabrum, it is not wholly satisfactory, for the diner on looking up 
ees these lamps or the bright inner linings of the shades. The con- 
ciousness of their presence is distracting This and many other experi- 
Qents indicate that dming room fixtures should not be hung high unless 
hey are very specially designed to confine the downward component 
o the table A candelabrum hung low and equipped with dense deep 
hades can be quite satisfactory, but it must be much lower than it is 
irdmarily hung 

The mverted bowl may be criticized for lighting the upper part of 
he room predominantly. It may be used to provide a low intensity of 
general lighting of different tmts, if the dming table is supphed with 
mail lamps. In fact, the latter is a common way out for householders 
vho come to reahze that dinmg under the general hghting from the 
nverted bowl which is already installed is quite unsatisfactory. There 
ire thousands of semi-mdirect bowls in use in dinmg rooms, but they 
vere sold as ornaments and not for the lightmg effects which they 
iroduce Semi-indirect and indirect fixtures have contributed much to 
he development of lighting. They have shielded the eyes from the 
jonstantly increasmg brightness of modem hght sources, but they are 
)ut of place in the dming room except for providmg secondary general 
ighting of a low intensity 

The shower, consisting of a group of pendent shades, is one of the 
nost satisfactory fixtures among those which have been widely m- 
talled for hghtmg the dining table, provided the shades are of proper 
hape and are hung low enough. Generally, the shades should not be 
nore than 3 feet above the table, their lower aperture should be small, 
md they should be dense and deep. Bowl-frosted lamps are usually 
nore satisfactory than clear ones The downward hght from these 
lense shades is much more powerful than the diffused hght and, there- 
ore, the table is dommantly Ulummated If the shades are of a warm 
mt, the effect may be qmte dehghtful. However, a shower which is 
atisfactory when hung low is usually very unsatisfactory when too 
ngh. The ami m hghting the dinmg table should be to keep the dis^i 
nbution of direct light confined considerably below a point about 13 
►r 14 inches vertically above the edge of the table. 

The old type of dome, if properly designed and hung, provided a 
nuch better effect than most of the fixtures which superseded it Its 
hief faults were its obtnisiveness and its wide aperture, which made it 
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necessary to suspend it very low. If it was raised higher, the lamps 
became visible and glare was the result. This has been a common 
misuse of this type of fixture But instead of correctmg these defects 
or of including its desirable effect in new fixtures, the lightmg principle 
of the dome was abandoned when more modem fixtures were adopted. 
Fixture manufacturers have not realized that fixtures as objects may 
go out of style but fundamental lighting principles do not. This is an 
axiom which should be memorized by the fixture designer, the architect, 
the decorator and the householder When the proper lighting effects 
are determined for a definite settmg hke the dining table, they should 
be retained and improved upon in new fixtures mstead of being sacri- 
ficed. 

The most useful fixture for the dining table wiU contain more than 
one circuit, although by specially designing a fixture, one circuit can 
be made to suffice For example, a bowl with a hole located centrally 
in its under side is better than an ordinary bowl If a light source is 
placed in the proper position within the bowl, a cone of direct light will 
emerge from the hole and iUuminate the table Light emitted upward 
from the bowl will provide general illumination for the room 

Many new fixtures, which possess definite aims m lighting the dining 
table and the remainder of the room m proper proportions, can be 
designed by a correlation of science and art. 

The two most important rooms in the home from the standpoint of 
lightmg have already been discussed. The general principles expounded 
are applicable to some extent m other rooms, although special problems 
are encountered as one progresses through the house. 

Reception Hall. — In the reception hall, a ceiling fixture is usually 
most practicable, but an outlet may be provided for a portable lamp. 
This pendent fixture may be an elaborate lantern of silk or of colored 
glass panels; or, where appropriate, a colomal “ lamp ” may be a 
dehghtful note. A touch of color at this point is effective, but the 
mtensity of illumination should be greater than is usually the case. In 
fact, reception haHs are often dingy, despite the impressiveness and 
utility of adequate lightmg at this point in the home. 

Library or Den. — The library or den is quite similar to the hving 
room during its quiet occasions. Satisfactory reading-lamps should be 
available, and the baseboard and wall receptacles should be laid out 
after due consideration of the arrangement of the furniture. Rest- 
fulness IS the keynote of such a room, and too much general lighting 
or glaring brackets and other fixtures defeat this ideal 

Sun Room. — The sun room partakes of the characteristics of the 
living room but it is generally smaller. Portable lamps for reading 
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rposes are desirable. General lighting, when the occasion demands 
may be obtained by means of a portable lamp supplying an upward 
nponent. Owing to the nature of the room, a central fixture simu- 
mg a flower basket, or imitation flower boxes on the waU, in which 
ips are concealed may be utilized for supplying the general lighting, 
en an um on a pedestal is a satisfactory place for conceahng a re- 
itor and lamps for mdirect lighting 

Bedroom. — In the bedrooms the best arrangement of the furniture 
>uld be determmed, in the case of new houses, before the windows are 
ated It then becomes easy to determine the positions of the outlets 
-ertain prmciples are recognized. A wall bracket about 6 feet above 
floor may be located on each side of the dresser. A distance of 5 
t between these two brackets is desirable, even though the dresser 
y be much less in width. The distance tends to reduce the glare, 
b if the shades are dense, discomfort is seldom experienced in the 
Iroom because the wall coverings are usually of light tmts. A base- 
ird outlet should be provided for small dresser lamps, or for brackets 
Jiey aie mounted upon the dresser. The dressing table is treated 
the same manner, but inasmuch as the user is usually seated, the 
Lckets should be lower. However, in this case it is best to provide a 
?eboard receptacle for dresser lamps If besides these a small fixture 
ruspended from the ceiling or from a bracket above the center of the 
ssing table, the top of the head will be well lUuminated. This 
nbination of brackets or table lamps and a suspended fixture or 
irhead bracket meets all requirements at the dresser or dressing table. 
3aseboard outlet near the head of the bed wiU provide a connection 
a portable lamp, which is both decorative and useful in the bedroom, 
e room may be wired for a central ceiJmg outlet, but a fixture at this 
nt does not provide proper lightmg for the important places, such as 
dresser and dressmg table. A central ceilmg fixture, if used, should 
depended upon only for general hghting of moderate mtensity, 
ept m very small rooms. 

Closets. — The closets should be wired for a pendent lamp if they do 
. receive suflS.cient dayhght and artificial hght. This will often be 
corned, and will pay for itself many times. Switches which operate 
en the door opens are not generally advantageous for closets in the 
ne Usually a puU-cham socket is quite satisfactory 
Sewing Room. — The sewing room m a middle-class home is usually 
nail room which may serve as a bedroom, A central fixture is a fair 
apromise for a small bedroom, but for sewing an mtense local illu- 
lation is desirable If the room is defimtely set aside for sewmg 
’poses, a pendent shade hung low may serve well, but it is desirable 
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to provide a baseboard outlet for a portable lamp. The daylight ” 
lamp has been found useful for sewing purposes 
Bathroom. — The problem m the bathroom is to provide a suitable 
arrangement of lamps for the mirror. The solution of this problem is 
very simple despite the many devices which have been designed In 
order that an object may be seen, it must be illuminated whether it is 
viewed directly or its image is viewed in the mirror Two light sources 
— one on each side of the mirror — at a height of about 65 inches, serve 
the needs very well If upright brackets are used, the outlets for wires 
should be about 6 feet above the floor They are low enough to elimi- 
nate annoying shadows during such operations as shaving, and, one being 
on each side, the face is well illuminated. The light sources are well out 
of the direct hne of vision, and no discomfortmg glare is experienced if 
small, dense, upright shades are used In fact, pull-chain porcelain 
sockets containing diffusing lamps are quite satisfactory, but m this 
case the outlets for wires should be about 65 inches above the floor 
These fixtures provide satisfactory general lighting for the bathroom. 
A baseboard or wall receptacle should be provided for electrical devices 
Stairways and Halls. — Stairways are best lighted by ceiling balls 
or bowls controlled by the usual three-way switches Fixtures of the 
same character are satisfactory for halls and vestibules Wall brackets 
may be used if they are more appropriate, provided their installation is 
warranted by the structural conditions However, stairways sliould 
be adequately illummated as a matter of safety, and ceiling fixtures such 
as balls and bowls generally cannot be excelled 
Kitchen. — The most common error m the kitchen is to suspend a 
combination fiixture from the center of the ceilmg. On account of the 
gas burner, this must extend considerably below the ceiling and is often 
inconveniently m the way. Besides, this low position of the light 
sources reduces their effectiveness because the worker is often annoyed 
by her own shadow. A combmation fixture is valuable for emergencies, 
but it should be a waU bracket The central fixture should be close to 
the ceiling, and for this purpose an enclosing unit equipped with a 
dear-bulb lamp or a ''dayhght” lamp is quite satisfactory Wall 
brackets should be mstalled over the important places, such as the 
stove, the work table and the sink. If the work places in the kitchen 
have been laid out beforehand with the idea of savmg “ mileage,'' it is 
easy to locate the outlets for fixtures. 

Entrance. At entrances, it is advantageous, when appearances 
permit, to place the hghting fixture near the side on which the door 
opens and at a point not too high. This makes it possible to distinguish 
the features of the caller. This can be done at the rear door regardless 
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f appearances. An iUuminated house number is an appreciated con- 
emence whether it is illuminated by the entrance fixture or is a seh- 
ontamed unit with translucent glass on which the numbers are placed. 
Porch. — The best fixture for the porch is an enclosed unit such as a 
eiling ball or bowl This is often merely a baU frosted on the inside, 
nd although sometimes satisfactory in interiors where much light is 
eflected by the walls and ceiling, it is much inferior to a prismatic globe 
rhich directs the hght downward. Much reading is done on porches in 
he summer time, and a directive umt, even though it must be an open 
»rismatic refiector, is qmte desirable Light is lost at the open sides 
f the porch, and the ceihng and wall of the house do not contribute 
auch hght by refiection; therefore, the control of light by means of 
proper refiectors or prismatic balls is desirable. 

Basement. — The basement of a house is often very much neglected 
rom the standpoint of artificial hght. Usually a light source in the 
enter of the basement near the heating plant is considered sufficient. 
Nevertheless, a number of outlets m the basement are very much 
ppreciated One at the bottom of the stairs or on the stairway assures 
afety in ascending and descending the stairs A light source above 
ne of the laimdry trays is desirable. Outlets in the fuel bins, toilet and 
ruit closet are desirable, and indicating snap switches at the entrances 
f these rooms are convenient and will eventually pay for themselves by 
ending to show when lamps are operatmg needlessly in these enclosed 
paces 

Miniature Lamps. — Often miniature incandescent lamps may be 
Lsed in the home imder conditions where ordmary lamps are not accept- 
ble. Furthermore, low-voltage lamps may readily be installed now 
hat small transformers are available. These lamps may be operated 
n the low-voltage circmt of mdividual bell-rmging transformers, or one 
f the latter may supply a number of lamps, depending upon the cir- 
umstances. Consider the actual conditions in a certain home. On 
he mantle are two oriental antiques which in ages past contained small 
andles Ordmary lamps could not be installed because of their size, 
nd even if they could be, the result would be unsatisfactory owing to 
he excessive quantity of light. The problem was easily solved by 
Qstallmg very small transformers (taken in this case from “ night- 
Lght ” units) m the hollow metal bases of the antiques Bayonet sockets 
nd small automobile incandescent lamps provided a very compact 
.rrangement and the amount of light was adequate. This arrangement 
aade it possible to connect these lamps directly to the 115-volt plug 
n the mantle. 

A combination of switch, socket and small 115-volt candelabrum 
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carbon lamp was installed in a modem phonograph in the same room. 
The carbon lamp was used because it was smaller than any available 
timgsten lamp of the same voltage. The hghtmg for iHuminating the 
needle of the instrument can be made much more compact by using a 
miniature lamp and socket connected to a small transformer in the base 
of the instrument. Then the latter may be connected directly to a 
115-volt base plug. 

In another case, in the dining room, two very small and delicate 
candlesticks were equipped with mimature sockets and lamps The 
medium-screw sockets and lamps would be entirely too large in this 
case. A small transformer was concealed back of the buffet upon which 
the candlesticks stood. This solved the problem very satisfactorily 
and again the potentiality of hght in modem form was drawn upon 

A similar case was found in the study, where a candlestick was serving 
as an ornament However, m this case it was found best to conceal a 
very small transformer in a wooden base made for the purpose. The 
candlestick provided with the miniature lamp was placed upon this 
pedestal and the ornament was thus vitalized by artificial light. 

In some of these cases, artificial hght could not have been apphed 
satisfactorily without resorting to small transformers and miniature 
lamps Various other uses for this kind of equipment have also been 
foimd. 

A house number pamted upon translucent glass, illuminated from 
behmd by means of one or two mimature lamps fed by the bell-ringmg 
transformer, is a convenience which is appreciated by callers 

The same general scheme is apphcable to a night hght m the hallway 
or bathroom, for hghting the clock, thermometer, or other devices; 
for light signals of various kmds for mdicating when electric devices, 
such as the toaster, flatuon, or even attic and basement hghts, are in 
operation. There is much room for developing the use of miniature 
lamps, sockets and transformers for the home, and, of course, for 
other fields of lighting. 
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CHAPTER IX 

LIGHTING OF PUBLIC BUILDINGS 
[M Luckosh] 

School Lighting 

' Many of the problemb of lighting encountered in schools do not 
differ materially from those found in other interiors. However, there 
are many specific problems worthy of special study. In the discussions 
which follow, the viewpoints are those pecuhar to school buildings. 
The aspects which they have m common with many other structures 
will be passed over briefly if they are touched upon at all. 

There are more than twenty million school children in the United 
States who are devoting several hours each day to study and to the 
performance of other work. The child’s eyes are immature in growth 
and in function and, therefore, are susceptible to injury and to def- 
ormation by madequate and improper hghting In no other field of 
lightmg can one find greater opportunities for serving mankind. Ac- 
cording to statistics, about 15 per cent of the total number of school 
children have seriously defective vision. In many cases the percentage 
of these defectives has been found to increase with age This increase 
can be attnbuted largely to the manner in which the eyes are used, 
and in many cases improper and inadequate lighting is a contributing 
factor. This is an age of prevention. Satisfactory lighting and suit- 
able instruction in the use and care of the eyes are important factors 
in the conservation of vision 

From hygienic and psychological viewpoints, the order of preference 
for exposures of rooms is east, south, west, north 

There has been no standardization of illumination intensities for 
various classes of visual operations; however, the tendency is toward 
higher intensities than those in use m the past. 

The TYiiTiiTYium and recommended mtensities of illumination for 
schools, as adopted by the lUuminatmg Engineering Society m the 
Code on School Lighting for School Bmldings, are presented m the 
accompanying table. 

AU light sources should be properly shaded to minimize glare, be- 
cause glare produces eye-strain either directly or by decreasing visi- 
bility, thereby making it necessary for the eyes to be brought nearer to 
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TABLE XLVI 

IiimnNATioN 


Foot-oandies 

On the Space* 

Minimum !Reoom- 
Iteqnired mended 


^alke, drives and other frequented outdoor areas if used at 
night 0 1 

Play^ounds, outdoor 0 6 

It used at night for baseball, basketball, etc 6 

Storage spaces, passages not used by pupils 0 26 

Stairways, landings, corridors, aisles, mam exits, elevator 
cars, washrooms, toilets 1 

Boiler rooms, power plants and similar auxiliary spaces 1 

Locker spaces 1 

Elecreation rooms, gymnasia, swimming pools 3 

On the Work* 

A^uditoriums, assembly rooms 2 

Olassrooms, study rooms, desk-tops (auditoriums or other 
spaces when used for class or study purposes shall meet 
this requirement) 5 

Blackboards, charts, etc 3 

Library (reaaing tables, catalogs, bookshelves) 5 

Laboratories (t^les, apparatus) 6 

Manual training rooms, workshops, etc 6 

Drafting rooms, sewing 8 


0 6 
2 
10 
2 

3 

3 

3 

7 


3 


10 

6 

10 

10 

10 

16 


* Where the space or work is not clearly evident, the illumination may be measured on a honeontal 
ilone 30 inches above the floor Such a cose is an auditorium However, where the space or work is 
iloorly evident, such as stair steps and desk-tops, the illumination ysholl be measured on the plane of 
^e st^ and desk-tops respectively 

the work than they should be. The latter is one of the faults of inade- 
quate lighting and is partly responsible for the development of near- 
sightedness. Lighting units should be hung high so as to be as far as 
possible outside the field of vision. 

Light sources or lighting units sliould be placed so that there is an 
adequate and satisfactory distribution of light upon the work and so 
that there are no objectionable shadows and sharp contrasts in bright- 
ness. 


Color and Finish of Interior 

Walls should Jiave a reflection-factor within the range from 30 per 
cent to 50 per cent. The preferred colors arc light warm gray, light 
buff, dark cream, and light olive green Ceilings and friezes (the 
latter m the case of high ceilings) should have a reflection-factor of at 
least 65 per cent. The preferred colors are white and light cream. 
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Desk-tops and other woodwork should have a reflection-factor not 
exceeding 25 per cent There are obvious exceptions, such as boiler 
rooms, dark rooms, laboratories for expemnenting in light, radiation 
and illumination; dadoes in classrooms, auditoriums, etc. 

The color of the edges of treads on all stairs used as exits should be 
such as to show the edge of each step by contrast when viewed as m 
descending 

Emergency hghting should be provided at the stairways and exits, 
and it should be reliable in order to insure safety in the case of fire or 
other catastrophes It is also advisable to have switches in stairways, 
corridors, basements and storerooms in order that artificial light may 
be readily available at any time Convenient switches increase the 
use of light and thereby reduce accidents. 

Of coui:se, aU hghting systems should be properly maintained in order 
to prevent deterioration due to the accumulation of dirt, to burned- 
out lamps, and to other causes. Windows, overhead skylights, light- 
ing units, ceihngs and walls should be cleaned as often as necessary. 
Neglect of these factors is quite common It has been found tliat a 
well-regulated system of inspection and of cleaning is desirable and that 
this is the best way to insure against neglect. The depreciation in 
intensity of lighting due to neglect may be from 10 to 40 per cent in 
many cases. r 

One of the fundamental rules for proper hghting of desks is to have 
the preponderance of hght come from the left side. This, of course, 
assumes that aU persons are right-handed Owing to this fundamental 
principle of hghting, so-called unilateral hghtmg has becoino popular 
for classrooms, that is, the windows are placed only on one side of the 
room and the desks are arranged so that the windows arc on the left 
of the pupils From the viewpoint of natural hghting, unilateral light- 
ing appears to be the most satisfactory method of lighting classrooms. 
This method of lighting is recommended where the width of the room 
does not exceed twice the height of the top of the window. 

For rooms of unusual width, such as auditoriums, daylighting may 
be provided by means of windows on the right and left sides of the 
room, 

Windows at the left and rear, where practicable, are preferable to 
those on both the left and right sides of the room in the case of inter- 
mediate-sized rooms, because of cross shadows created by lighting from 
opposite sides of the room. Lighting by overhead sources of natural 
illumination, although sometimes used for assembly rooms, auditoriums 
and libraries, with relatively high ceilings, has ordinarily little applica- 
tion in classroomB. When overhead sources of natural Illumination are 
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used the light should come from a north skylight or saw-tooth con- 
struction and should be oriented to exclude direct sunlight. 

To secure the highest lighting values m a side-lighted room, it is 
recommended that the room be so designed that no work space is 
distant from the window more than twice the height of the top of the 
window from the floor 

The sky as seen through a window or skylight is a source of glare. 
For this reason the seating arrangements should always be such that 
pupils do not face the wmdows or skylights. 

Windows 

Tests of daylight in well-lighted school buildings indicate that, in 
general, the window-glass area should not be less than 20 per cent of 
the floor area. As the upper part of the window is more effective in 
lighting the mterior than the lower part, it is recommended that the 
top of the glass be at no greater distance than 6 inches below the ceil- 
ing. The sUls of side windows should be not less than 3 feet or more 
than 4 feet above the floor No hght should reach the eyes of seated 
pupils from below the horizontal. 

Overhead skyhghts have been tried for the daylighting of class- 
rooms, but at present msuflS.cient general experience is available to 
pass judgment. 

The lighting value of a wmdow at any given location in the interior 
depends upon the brightness of the sky and upon the area visible from 
the given location. Certain investigations in well-hghted classrooms 
having a fairly unobstructed horizon indicate that, under normal con- 
ditions of daylight, satisfactory intensities of illumination are obtained 
at any point where a Tninimurn vertical angle of 5 degrees of sky is 
visible. This assumes that the windows are of the ordmary shape apd 
that their areas are at least 20 per cent of the floor area, thereby pro- 
viding sufficient visible sky longitudinally. It is important to main- 
tarn a fairly imobstructed horizon if daylightmg is to be satisfactory. 
In cases where this condition does not exist, that is, where there are 
adjacent buildings and trees, a larger window area should be provided 
unless artificial hghtmg is to be depended upon for a great part of the 
tune 

The sky as seen through the window is a source of glare, for this 
reason, the seating arrangement with respect to the windows is impor- 
tant It is necessary to provide window shades for controlling the 
daylight. Direct sunhght is desirable, but it is often necessary to ex- 
clude or to diffuse it by means of shades The latter also may perform 
the function of eliminating glare from blackboards. From a considera- 
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tion of the requirements, it appears desirable to equip each window 
especially in classrooms, with two shades whose rollers are fastenc 



near the level of tl 
meeting rail in the mic 
die of the wmdow. Th 
shades may be raised c 
lowered from the niic 
die, an arrangenieii 
which provides the ina> 
imum flexibility m th 
shading and diffusing cj 
the light The shade 
should be prefemhh 
of yellowish material 
fairly translucent, h( 
that a considerable por 
tion of the light ii 



transmitted, A more 
complete (iontrol eai 
be obtained by adding 
another pair, installec 
in a manner similar tc 
the first. These shadc\^ 
should be dark green in 
order to exclude the 
light almost entirely. 
Various other typos of 
shades have been tried 
and may be useful in 
special cases, but tho 
double shades just dcj- 
scribed appear to an- 


Fig 117 Diagrammatic lUustration of Glare from requirements 

Blackboards ^ schools very well. 


(a) Showing that occupants of seats m shaded area 

^^bjected to dayhght glare from black- 

(b) Showing angles at which glare is expenenced 

from dayhght and from artificial h^t 

(c) Arrangement of local artificial hghtmg to mini- 

mize glare 


Light reflected from 
exterior walls, such an 
those of hght-courts, is 
very helpful m increius- 
ing the intenoi illuniiii- 


the waUs of courts should be 
flection-factors. 


ation. For this reason, 
pamted with coatmgs having high rc- 
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It is not difficult to draw diagrams to show the possibilities of glare 
from wmdows, artificial lightmg umts, and from blackboards (See 
Fig. 117.) These diagrams are particularly useful m studying the 
locations of blackboards. The latter should never be placed near or 
between windows Where glare from blackboards is very annoymg, 
it may be overcome by illuimnatmg them by means of artificial light. 
The hght sources m this case should be placed near and above them, in 
such a position that no hght is directly reflected mto the eyes of the 
pupil A diagram in which the angle of incidence is equal to the angle 
of reflection will reveal the proper position for these hght sources The 
latter should be well shaded from the eyes of the pupils 

The artificial hghting of schoolrooms is not materially different from 
that of large oflS.ces and certain other mtenors. If direct hghting is 
used, the shades should be deep and dense and the lightmg umts should 
be himg high Semi-mdirect hghting has been extensively installed in 
classrooms, assembly rooms, libraries, etc , and it is very successful if 
the glassware is dense and if it is cleaned often enough. Recently, 
enclosing units which emit most of the hght generally downward have 
found favor in schools They are efficient and require less mainte- 
nance The lightmg units m any case should be placed weU outside the 
ordmary range of vision. 

It is commonly noted that the admixture of daylight and yellowish 
artificial hght is not satisfactory; therefore, it is sometimes better, as 
darkness approaches, to exclude the daylight by means of window 
shades and to use artificial hght exclusively. Where the discrimination 
of color IS important, as in sewing and art rooms, artificial-daylight 
units should be installed. Glossy surfaces of paper, blackboards, walls, 
woodwork, and desk-tops are likely to cause eye-stram, because of the 
specular reflection of images of hght sources. Obviously, the best 
efforts toward shadmg hght sources from the eyes. and placing the 
lighting units out of the normal range of vision may come to naught 
if the pupil sits with a mirror m his hand Glossy surfaces are near- 
mirrors For this reason, in the interest of hghtmg and vision, matte 
surfaces are desirable. A great deal of good will result if children are 
instructed to hold their books properly and to assume a correct position 
with respect to the dominant light Good lighting in schools conserves 
vision during the hours that pupils are subject to it If the pupils are 
taught to respect and to safeguard their vision, the generation which 
is now growing to manhood and womanhood will not be so indifferent 
to those factors which are hannful to eyesight as is the present genera- 
tion. 
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Design of a Lighting Installation 

This subject is too involved to be handled in a short treatise unless 
limitations are set on the scope of the discussion. These considera- 
tions, therefore, will be confined to the design of a lighting installation 
for a classroom 32 feet by 24 feet, illustrated in Fig. 118, with a ceiling 
height of 12 feet, the latter having a reflection-factor of 70 per cent, 

and walls having a re- 
^ ^ flection-factor in the 
first example of 60 per 
cent 

The factors which de- 
termine the size and 
number of lamps to be 
used in a given room 
wfll be considered in 
the following order: 
first, illumination in 
foot-candles to be sup- 
plied; second, the floor 
area, which in this case 
IS 32 by 24 feet, or 768 
square feet, third, the 
amount of hght in lu- 
mens emitted from each 
lamp; fourth, the coef- 
ficient of utilization of 
the lamps and their 
accessories as installed 
in the room 
Computations to de- 
termine the proper size 
of incandescent fila- 
ment lamps may be 
made as in Chapter V or by the use of the following equation. 
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^ Indicatea Celling Outlet for Artificial Llfflitms 

Fig 118 Elevation and Plan of a Claesroom Ulus- 
tratmg the Position of Outlets and Luminaires of a 
Direct Lightmg System In modem practice m 
classrooms the width vanes from 20 ft to 25 ft , 
the length from 28 ft to 32 ft , and the height from 
12 ft to 14 ft 
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A7 

EN' 


• 

In this equation, L is the lumens emitted by the lamp, A the area 
of the floor or horizontal work plane in square feet, I the illumination 
m foot-candles, E the coeflScient of utflization, N the number of lamps 
required. 
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The first step in using this equation is the detennination of tb^ 
number of lamps required. From experience in school lighting it 
ascertained that m order to obtam the desired distribution of iUumina 
tion, limvmflires should not be spaced farther apart than a distance of 
1.5 tunes their elevation above the desk-tops. For iostance, if the 
lumiaaires are hung 8 feet above the desk-tops, the maximum spacmg 
between them should not exceed 12 feet. Now, considering the prob- 
lem of a typical classroom (32 by 24 feet) having the miniTnum ceilmg 
height of 12 feet, one must first deterrome the number of luminaires 
required The plane of the work wUl be that of the desk-tops, which 
is a horizontal plane approximately 24 inches above the floor. Then 
if the lummaues are installed in ceihng-type flxtures and an allowance 
of 18 mches for depth of fixture and globe is made, the elevation of the 
hght source above the plane of work will be approximately 8^ feet. 
Hence, the maximum spacmg between luminaires must not exceed 12 
feet, 9 inches. With a room of these dimensions, six lummaues, there- 
fore, would be reqmred, spaced approximately 12 feet apart as illus- 
trated m Fig 118. In this example assume that an lUummation of 10 
foot-candles is desued. Assume also that a luminaue of highly diffus- 
ing enclosmg glass is chosen and that the ceding and walls have re- 
flection-factors of 70 per cent and 50 per cent respectively. Under these 
conditions, the coefiScient of utihzation wiU be 0.39. Applymg the 
formula 

r 32 X 24 X 10 

0.39X6 =3282 lumens. 

How much to allow for depreciation with a given type of luminaire 
depends to a considerable extent on the locahty and the nature of the 
work carried on Experience has shown that a factor of safety of 1.3 
provides for average conditions if a schedule of regular and frequent 
cleamng is adhered to. Applymg this factor to the problem at hand, 
it will be necessary that each lamp supply (3282 X 1 3) 4267 lumens 
The 300-watt lamp is the nearest size of clear-bulb gas-filled tungsten 
lamp which will supply the reqmred lumens, whereas the nearest size 
of dayhght gas-filled tungsten lamp which will supply the requued 
lumens is the 500-watt lamp 

In a room of this size, only four outlets are necessary if mduect- 
hghtmg lummaues or semi-mduect lummaues with dense glass bowls 
are used The utihzation factor for semi-mduect hghtmg with dense 
glass lummaues is 0 33 for the same room and conditions used m the 
previous computation. Applymg the formula, 

j 32X24 X 10 

0.33X4 =58181innenB. 
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Allowing for depreciation as was previously done, 5818 X 1.3, or 
7563 lumens, are necessary from each of the four hght sources. The 
nearest size of clear-bulb electric filament lamp is 500 watts. Here a 
total of 2000 watts would be used as compared with 1800 watts in the 
direct-lighting case, but the illumination intensity would be shghtly 
greater in the former. Of course, the illumination intensity would be 
identical in the two cases if it were possible to obtain lamps of the exact 
size computed. 


Auditoriums 

There are some general lighting principles applicable to all audi- 
toriums, but the details of lighting are as varied as the architecture, 
the decorative schemes and the purposes of such interiors. The light- 
ing of such interiors is important enough to warrant much study of any 
specific case. 

In aU auditoriums it is assumed that there is an audience facing in 
a certain general direction and a person or persons located in front and 
facing the audience. Obviously, then, there are two viewpomts to be 
considered. However, if the lighting of the auditorium cannot be made 
satisfactory from both viewpoints, it is obvious that the audience must 
be given first consideration. 

There should be no high brightnesses in the normal visual field and, 
if possible, all light sources should be well shaded from the eyes. Low 
general brightnesses of lightmg units and walls are generally desirable 
and excessive contrasts should be avoided. The mtensity of illumina- 
tion should be sufficient to enable the audience to read with comfort. 
The practice of controlling the artificial hghtmg of the auditorium by 
means of dimmers is growing, and it is a very commendable one This 
not only eliminates the abrupt changes in mtensity which are annoying 
but it also provides the possibihty of adjustmg the hght to the mtensity 
desired for any event. 

In general, a much greater mtensity of illumination upon the plat- 
form, stage or chancel is required than in the auditonum. It is de- 
sirable to eliminate glare from the auditorium hght sources as viewed 
by those on the platform, but this is sometimes difficult to do. Further- 
more, in order to illuminate the platform sufficiently to satisfy the 
audience, it is often necessary to use concealed footlights and other 
concealed light sources which are glarmg, especially when the audi- 
torium IS dark These light sources can be frosted or shielded by 
diffusing screens, thereby lessening the annoyance of after-images 
Incidentally, the backgroimd of the platform, stage or chancel should 
not possess a high reflection-factor. If it does, it is likely to appear 
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quite bright and, therefore, when the auditorium is dark or dimly 
lighted, it will present a high contrast to the audience. 

Some quite harmless-appearmg backgrounds are quite discomiortmg 
and fatiguing, even though no hght sources are visible to the audience. 
These are excellent examples of the undesirability of high contrasts in 
brightness. 

Exit lights are usually required by law, and the buildmg codes should 
be consulted as to their number and location Emergency lighting 
circuits are often required. In some public buildmgs these are supphed 
by means of storage batteries in order to insure, as much as possible, 
their being available when the emergency arises. 

The minimum mtensity permissible for auditoriums is about 1 foot- 
candle, although at least 3 or 4 foot-candles are usually required for 
readmg without eye-stram If an auditorium is lighted by means of 
vertical windows, they should be in the side walls, preferably on both 
sides. If they are recessed or set in thick walls, the possibility of glare 
from them is reduced Windows at the rear are desirable, and if only 
one wall is available for them, the rear wall is usually the best. An 
audience should not be required to face windows; fortunately, this is 
seldom the case except in churches, where the windows are usually 
stained and therefore are reduced in brightness. The windows in the 
side walls should be higher than in ordinary rooms. The light should 
be controlled by means of shades, louvers, etc. 

Overhead skylights of small or moderate areas may be used success- 
fully m auditoriums, but there are inherent disadvantages in mainte- 
nance and m the exclusion of daylight when this is desired. 

Inasmuch as it is difficult to illuminate the platform by means of 
windows at its sides or back without annoyance to the audience, it is 
usually desirable to provide auxiliary artificial hghting for it, even in 
the daytime when the auditorium is lighted by means of windows. 

The possibilities of artificial lighting are much more extensive than 
those of dayhghtmg. In auditonums where the ceihng is high, the 
chandelier may be still used successfully, thus providing one of the 
excellent opportumties, which are decreasing m number relatively, for 
the artist in fixture design If these chandeliers are hung very high, 
frosted or other diffusing lamps can be used. However, it is best to 
provide diffusmg shades if possible. 

Semi-indirect hghtmg uoits with very dense bowls have found much 
favor in auditoriums. They satisfy the demands for a lummous unit, 
and still most of the hght is well diffused by refiection from the ceihng 
and upper walls These are perhaps the best solution for the less 
pretentious interiors of this character. 
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When the ceilings are high and dark it is necessary to use a direc 
lighting unit This can be made m the form of a deep lantern wii 
lummous panels and an openmg m the bottom. This opening may 1 
covered with wire-glass as a safeguard and it may be desirable to hai 
this glass slightly diffusmg. Sandblasting or acid-etchiiig suffices 
a slightly milky glass is not available 

Indirect lighting units of a variety of designs may be devised. The 
may appear to be lanterns; they may have shghtly luminous bowls; ( 
they may be opaque objects as decorative as desired. Silvered refloc 
tors are usually employed in these in order that they may be of th 
highest efficiency obtainable in a practicable manner. Veiy attractiv 
pedestals have been used in many cases, the light somces and silverc 
reflectors being concealed m bowls surmo'untmg the pedestals. 

In an auditorium where there are many ornamental details, lamp 
and reflectors may be concealed behind them. Thus cornices, rosettot 
etc , conceal the lighting units, and the ornamental details arc not onl. 
modeled by the distribution of hght and shade but the auditorium i 
hghted mdirectly. Direct hghtmg units may be concealed behiin 
beams runiung across the ceiling if the ceiling is low enough and tli- 
beams are deep enough. Imitation flower boxes or more formal device 
may be fastened to the walls for the purpose of obtaining indircc 
lightmg These are examples of the numerous devices which art 
available 

If there are galleries, the lightmg under these must bo considerec 
in addition to that of the auditorium proper. Furthermore, the audi 
torium hghtmg should be such that it does not annoy the occupants oi 
the gaUenes, In other words, the hght sources m indirect units, beliinc 
coves, in wall boxes, etc., should not be visible from the galleries. One 
of the common annoyances of the stage boxes is the glare from the foot- 
hghts. 

As architects and illu m i n ating engineers learn to appreciate a new 
viewpoint toward hghtmg — that it is a medium to be handled as the 
decorator employs his media — auditoriums will be pamted with light. 
Furthermore, the mobility of hght will be drawn upon to provide the 
element of variety. If in the indirect hghting units, m the coves, in the 
spaces behind cornices, several hghting circuits are installed, a variety 
of effects may be obtained. The hght obtained from these circuits may 
be of different tmts In some cases the purer colors could be used and 
an extreme variety of tints could be obtained by mixing them In such 
a case dimmers are desirable. If the various circmts are arranged in 
accordance with arches, cornices, panels, etc., it is obvious that many 
decorative schemes are available. 
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There are a few notable instances where light sources of various 
kinds and tints have been located above decorative glass ceihngs, the 
different kinds of hght sources being distributed with proper respect 
for the various elements in the ceilin g . However, this is permissible 
only m the more elaborate interiors The future appears to call 
for the use of a multiphcity of circuits laid out for the purpose of 
utihzmg the mobility of lightmg. 

Theatres 

In theatres there are again the two viewpoints or two general hghting 
problems, namely, that of the stage and that of the auditorium. Fur- 
thermore, at the present time, the moving picture theatre affords some 
special problems in hghtmg. 

The Auditorium. — Pubhc auditoriums having been discussed, only 
the problems and possibihties pecuhar to the theatre will be touched 
upon. Here, lightmg effects bordering on the spectacular are permis- 
sible. Various color effects and hghting novelties may be introduced. 
Dimmers for controlhng the auditorium hghts are desirable They 
make it possible to control the light for certam hghtmg effects and to 
reduce or increase gradually the intensity of the illumination when the 
curtain goes up or down or when the pictures begm or cease. 

Moving Picture Theatre. — In the movmg picture theatre, there are 
a number of problems pertaimng particularly to the physiological 
aspects of vision. A short period of discomfort is experienced as one 
enters a darkened theatre with eyes adapted to daylight intensities. 
In many coses it is possible to decrease gradually the mtensity of arti- 
ficial illumination from the street entrance to the auditorium entrance. 
In the case of a long, straight foyer leadmg from the street to the audi- 
torium, this is likely to be the result of the natural gradual decrease 
in the mtensity of day hght. Just before the pictures begin, illumma- 
tion of the auditonum may be gradually decreased Such refinements 
arc appreciated by the audience. 

Glare. — A common source of glare is the bright screen m contrast 
witli the dark surroundings. Attempts are made to decrease this and 
to make the surroundings of the screen more attractive, by employmg 
effects of colored light on the stage. This can be very successfuUy done. 
However, from the standpoint of safety and of eye comfort, it is well to 
provide a low mtensity of illumination in the auditorium. Other 
common sources of glare are the hghting units used by the orchestra. 
This defect can be remedied to some extent by careful attention to the 
design and use of the units; however, in the dark auditorium, the 
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iUmninated surface of the music is often glaring. A solution is h 
provide a pit for the orchestra. 

Flicker. — One of the annoying features of the moving picture is tli* 
flicker. This is greatly reduced by mechanical perfection in the pro 
jectmg machine, however, it is always present to some degree. Tin 
improvement of projection apparatus is still a possibihty, but it will no 
come about unless certam psycho-physiological aspects of vision an 
taken into consideration. The conspicuity of flicker depends upon (1 
the relative Tm-mnmim and maximum brightnesses which are altered 
(2) the absolute value of the maximum brightness; (3) the wave-fom 
of the stimulus; (4) the frequency, (5) the contrast with the surround 
ings; (6) the amount of scattered hght reachmg the screen, (7) th( 
spectral character of the stimulus (to a small extent in the practica 
case) ; and to other mmor factors. Practical expedients include 
reducing the brightness of the screen, increasing the intensity of lighi 
in the auditonum, and increasing the amount of scattered hght whici 
reaches the screen 

The Stage. — The real art of stage lighting is the artistic expressior 
of an mdividual possessmg an intimate knowledge of the facts of light 
shade and color. 

There are many incongruities in stage settings, especially in the 
older, so-called reahstic settmgs. Realistic is an unsatisfactory term 
for many of the effects are far from realism. Painted perspective anci 
painted shadows are effective in produemg reahsm, but unfortunately 
the effect is spoiled for the discnmmatmg when the real shadows dc 
not harmonize with the painted ones. Light from the footlights pro- 
duces shadows qmte m discord with the painted ones and also illuiiii- 
nates the features of the actors in an unnatural manner. Moonlight is 
often represented as a flood of blue-green hght, but as the villain slinks 
across the moonht area, no sharp, harsh shadow accompanies him. 
The so-called realists may sometime discover that direct moonlight 
casts a single, definite shadow! 

In recent years there has been a reaction, and a small number of 
enthusiastic artists are strivmg to do away with the incongruities and 
distractions of the realistic settmg The aim m the modern movement 
is to harmonize play, settmg and hghtmg and to subordinate the ma- 
terial to the psychological Details are reduced to a minimum and 
reahsm in the older sense gives way to the expressiveness of light, 
shade and color. 

Experiments have been made with many devices, such as the sky 
dome instead of the borders and back drop. This dome is of translucont 
material and is lUummated from the rear. Plain drops have been used. 
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Color Ib employed for its deeper meanings. The lifting effects hav 
run the whole gamut from silhouettes to brilhantly illuminated object 
and actors seen against a dark background. The mobility of light ha 
enabled it to be mterwoven with the drama, with music, and with th 
dance. The language of color has been drawn upon and many nov« 
effects have been tried. 

Stage-lighting equipment ordinarily consists of footlights, horde 
lights, spothghts, floodlights and various colored media. Elaborat 
sets of dimmers and electric circuits are interconnected by means o 
switches. Of course, the lightmg requirements depend upon the pro 
duction so that there is no permanent arrangement. On the smaUe 
stages it IS a common procedure to provide three parallel circuits con 
taining clear, red and blue lamps, respectively. By referring to th 
principles of color-mixture presented elsewhere, the limited possibilitie 
of these three circuits will be recognized By mixmg red, green am 
blue lights, any desired color can be obtained. If space is limited ani 
eictreme flexibility is desired, these three primary lights afford th 
greatest possibilities. Next would be added a circuit of clear lamps 
This would afford hght when a conspicuous tmt was not desued. Tint 
could be obtained directly by addmg colored hght to the light from th 
clear lamps. Next a circuit of yellow lamps might be added, becaus 
yellow light is very commonly desired for the stage. 

Color mixers, color wheels, gelatme Alters, color caps, colored lacquers 
anH many other requisites for the stage can be purchased from th 
supply companies. The recent developments in incandescent filamen 
lamps have simplified to some extent the production of lightmg effects 
while automatic arc lamps have also reached a high state of develop 
ment With filament lamps, spotlights, floodlights and other apparatu 
can be controlled at a distance with greater surety than the more u 
tricate mechanisms of arc lamps. Where very high lummous outpu 
is required from a single source, the arc lamp leads the filament lami 
Colored lacquers are fairly satisfactory when used on the vacuui 
tungsten filament lamps, but m general they fade quickly on the he 
bulb of the gas-filled incandescent lamps Colored gelatmes may b 
used m frames, and if some ingenuity is expended in ventilating th 
device they are satisfactory for stage lighting Colored glasses do nc 
fade appreciably and are best for hghtmg effects which are more c 
less permanent. 

Museums 

The museum is pnmanly a place where objects are displayed, an 
these objects owe much of their value to light If they could not 1: 
seen they would not be much in demand. If they are seen to the be; 
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advantage, in their true forms and colors, they are appreciated more 
t,hfl.Ti when they are poorly hghted. The problems of lighting in mu- 
seums vary with the character of the exhibits and with the dimensions 
of the rooms. The exhibits may consist of pamtmgs, objects in cases, 
sculpture, furniture, tapestries on walls, etc , or, m natural history 
buildmgs, of animal groups, insect collections, fossds, skeletons, etc. 
These and the many other exhibits afford an interestmg vanety of 
problems. Daylight is, in general, the best quahty of hght for museums, 
but the distribution of dayhght can be controlled only to a certain 
degree indoors and it cannot be controlled outdoors. Artificial light 
can be completely controlled both m distribution and in quahty. Arti- 
ficial dayhght is desuable where the appearance of objects is important 
and it is being mstaUed in museums. 

The doHign of satisfactory lightmg in museums calls for the closest 
cooperation between the architect and the lighting engineer. The 
location of wmdows, the size and type of skyhghts, the character of 
the wall covermgs, the architectural details, and many other elements, 
are more or less determmed by the character of the exhibits. Northern 
exposure m this hemisphere is desuable foi many activities, but it 
appears that southern exposure, or daylight consisting of a mixture 
of skyhght and suhhght, is approved by most competent judges for 
art museum gallenes. This assumes that the direct sunlight is diffused 
by curtains, glass or other media. The daylight entermg from the 
north is often modified by drapenes or by other means, m order to 
suit some exacting critics. In general, low wmdows are not very 
satisfactory for museum galleries, but they are better suited for small 
rooms contaimng tapestries, furniture or cases 

Galleries in which pamtings are hung upon the walls are best lighted 
from overhead sources if the hght is duected chiefly upon the walls. 
Wmdows in the side walls, unless very high, are quite unsatisfactory, 
for images of t.hp.m are reflected from the glass or varnish, directly into 
the eyes of the observer. Clerestory or very high wmdows may be 
satisfactory in rooms which are not much wider than tliey are high 
Picture galleries are commonly hghted by means of overhead skyhghts, 
but iinIftHH the hght is controlled by means of louvers there is usually 
too much hght directed downward as compared with that directed upon 
the lower walls where the pictures are hung Furthermore, if the sky- 
hght is of large area and not very high, its image is reflected by the 
pictures. This downward component has been reduced m some cases 
by means of a velum, consistmg of a large horizontal sheet of some 
satisfactory media, either opaque, highly absorbing, or shghtly trans- 
lucent. This is hung or supported a few feet below the skyhght. 
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Inasmuch as it possesses an area less than that of the floor, the day- 
light passes by its edges and falls obliquely upon the paintings. This 
device is a makeshift and is usually imsightly. It is possible to in- 
corporate the prmciple into the architectural design with pleasmg 
results. 

In designing the lighting for any gallery, the law of reflection of 
light should be apphed by means of diagrams. Analyses of this char- 
acter will yield valuable results as to the expanse of skyhght permis- 
sible, the location of artificial hghtmg units, the desirable height of room 
as compared with the dimensions of the floor, the desirable locations 
of wmdowB, etc. Thus, in picture galleries it appears satisfactory m 
most cases to consider a height of 10 feet above the floor as being the 
limit of the wall space on which pictures are to be himg. The eyes of 
an adult may be taken as 5 feet above the floor Therefore, a line 
drawn from the eyes to a pomt on the wall 10 feet high, and then re- 
flected at the same angle, will meet the ceiling at a certain point. Light 
from the latter pomt would be reflected from the top of a picture 10 
feet high into the eyes of the observer at the origmal position. By 
such a series of diagrams a complete analysis may be made which wiU 
be of great fundamental value in designmg the galleries and their 
hghting. 

The wall coverings should be a fairly neutral tint in order to avoid the 
effects of simultaneous contrasts of colors. They should be dull m 
order to eliminate the annoyance of glare due to specular reflection. 
They should be of about middle value, that is, medium gray, and the 
floor should also be fairly dark. 

The artificial hghtmg of picture galleries should be based upon the 
same fundamental principles as the natural hghtmg and fortunately 
it is not so difficult to control as is daylight The artificial light should 
be of a spectral character which simulates that of daylight as closely 
as practicable It may be directed from hghtmg units hung at the 
proper location as determined by the linear diagrams of incidence and 
reflection, and by the distribution curves of the units It should be 
directed predommantly upon the hangmg space. In the larger gal- 
leries the old system of trough hghtmg or contmuous reflector is now 
primitive, unscientific and unsatisfactory. Such units may be hung 
from the ceilmg or concealed behind architectural details Artificial 
light may be projected through the sub-skylights upon the hangmg 
space or through artificial clerestory windows high m the walls. Cer- 
tainly, at this stage of the development of hghtmg, the defects of day- 
hghtmg should not be perpetuated. For example, the floodmg of 
diffusing sub-skylights by means of artificial light, though easy to do. 
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should be avoided when there are better ways of lighting paintings. 
In directing light upon the walls, care must be exercised in order 
that the hght does not fall too vertically Under such a condition, 
the frames and even the pamt on some paintings cast undesirable 
shadows. 

In the lighting of sculpture galleries the modeling of form by means 
of hght is encountered. A very great expanse of overhead skylight 
produces a flat appearance Sculpture requires a dominant light 
source. Several windows are usually unsatisfactory because of the 
multiphcity of shadows which result. An overhead skylight of moder- 
ate size provides a practicable solution of the lighting problem in. 
sculpture gaUenes m which many objects are exhibited. It is the 
sohd angle subtended at the object, rather than the actual area of the 
light source, which is important. The direction of light under these 
conditions cannot be altered for each object, but the object itself may 
be oriented and located with respect to the dominant light so as to be 
suitable in appearance. 

Important pieces of sculpture may be placed in individual alcoves. 
If the latter are arranged in a series, each may be predominantly lighted 
by means of a high window opposite. The observer, in viewing the 
object, has the window at his back and high above him. The artificial 
hghtmg may also be accomplished by means of individual units. In 
any case, m the hghting of sculpture galleries, it is important that there 
be a very dominant component of hght 

In large museums there are opportumties for constructing large 
interior rooms This makes it possible to construct small rooms on the 
outskirts and thereby to utihze the windows where they arc Icuist 
objectionable. It has been proposed that these large interior galleries 
be hghted solely by artificial light A continuous alcove could be 
erected around the entire room The lighting could then be clone 
eflflciently by means of show-window lightmg units concealed above 
the opening. The room proper could be high and of huge dimensions, 
and could be fllumiaated by chandeliers The alcove could be sepa- 
rated, if desired, by balustrades. 

Large armor courts, natural history exhibits and the like are best 
lighted by means of an overhead skyhght In the case of high rooms, 
this method is satisfactory for hghtmg tapestnes on walls. By placing 
a sufficient number of hghtmg umts above the skylight, and at a suffi- 
cient height above it, the spotted appearance of the skylight at night 
can be reduced. The lighting of the exhibits is more important than 
the appearance of the skyhght The best glass for the latter depcncls 
upon conditions, but in any case it should transmit light efficiently. 
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Those types of ciystal glass which exhibit spread reflection are best. 
Examples of these are acid-etched, sandblasted, pebbled and wavy 
glasses. From the viewpoint of maintenance the last two are better 
because their surfaces are easily freed from dirt by washing. 

Special units must be devised for special purposes In an Eg3rptian 
room, for example, modern light sources may be adapted to fixtures 
of the proper period. Chandehers and other visible fixtures possess 
possibihties if science and art are correlated m their designs 

Garden courts are a feature of modem museums. Single skylights 
are best for this purpose, because solar radiation must be admitted in 
sufficient quantities for iJie plant life to thrive. When artificial Ught- 
ing IS considered it appears logical to think of the appearance of a 
garden at mght Ornamental lamp-posts fit well mto such a scheme. 

Rooms m which display cases are located present difficulties ia 
lightmg, owing to the reflections from the glass surfaces. If aU the 
cases are high, so that the observer views them from the side instead 
of the top, overhead skyhght and artificial hghting units are satis- 
factory Even windows in the side walls are not undesirable. How- 
ever, if the cases are low and the contents are viewed through the top 
glass, it IS difficult to light them so that the observer is not annoyed 
by the images of a hght source reflected from the top glass. A room 
containing low cases of this character is best lighted by means of win- 
dows on one side. The observer is then able to find a position free 
from annoymg reflections. The artificial hghting is fraught with diffi- 
culties. It IS perhaps best done by means of show-case units inside 
the cases and indirect lighting of a moderate intensity obtained from 
units with opaque bowls hung from the ceilmg By the use of the 
show-case units the objects in the cases may be illuminated to such 
an intensity that the unage of the ceihng reflected from the glass cover 
is not perceptibly annoying. An elaborate use of simple diagrams is 
essential in any case if satisfactory results are to be obtamed. Such 
displays are perhaps the most unsatisfactory of exhibits m modem 
museums. It would help considerably if museum authorities would 
eliminate the low case wherever possible and would plan exhibits for the 
use of high cases so that objects could be viewed through vertical 
glasses. 

The fadmg due to daylight has been touched upon elsewhere Objects 
of delicate and fugitive colors can be lighted with greater safety solely 
by means of artificial light of an approximate daylight quality. The 
radiant energy which is responsible for fadmg is present m less amounts 
per unit of visible energy m the total radiation from tungsten daylight 
lamps than m natural dayhght. In flluminatmg these objects of dehcate 
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and fugitive colors, artificial light of just the desired intensity can be 
used. In ejctreme cases artificial light has the advantage that it may 
be shut off when no visitors are present. 

Churches 

The ancient heathen and Jewish temples were illuminated by day- 
light entering doorways and courts. The temple was not a place of 
worship in the modem sense but an abode of the god, where ceremonial 
rites were performed by the priest. The early ecclesiastical structures 
of Christian worship were not copied from the heathen or Jewish temples 
but evolved from a combination of a hall of justice and a market place. 
In these churches there was no emblem such as the cross, but the struc- 
tures themselves were built in the form of a cross. The arms of the 
structure, forming a cross in plan, were called transepts. These arms 
intersected the longitudinal axis of the structure between the nave and 
the apse or choir. Over the intersection a central tower or spire was 
commonly erected. If there were no transepts, the nave would extend 
from the choir to the prmcipal entrances 

Smce the evolution of those early churches, creeds have multiplied 
in number and the structures have been influenced by the civilization 
of various nations. The result is that modem churches differ widely 
m style 

The hghting fixtures of a church must conform to the architectural 
style. Lighting effects must not only be '' ecclesiastical ” but must also 
be expressive of the general characteristics of the particular creed for 
which they are designed 

In attacking the problem of lightmg a church, it is well to be familiar 
with the historical development of the style of architecture and with 
the creed, in order that the final lightmg effects may not only harmonize 
with the spirit of the mterior but actually enhance it. The lightmg 
should be dignified, impressive and without annoyance to vision. 

The intensity of illu min ation is of extreme importance and it should 
not ordinarily be as great as would be desired in other auditonums. 
It is necessary that the congregation be able to read with comfort, but 
it should be noted that a dim light is conducive to a spirit of prayer and 
meditation Di mm ers or a number of circmts and switches should be 
available, in order to adjust the light to conform to the requirements of 
various parts of the ceremony The spirit of a certam modem creed, 
for example, appears to demand more mtense illummation and general 
lighting. Other creeds which are more severe require lower intensities 
of illumination and harsher effects. The dommant notes of the par- 
ticular creeds should be sought out and expressed by means of light. 
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Even the charm and expresBiveness of tmted light may be as effectively 
utihzed as the expressiveness of distribution of light. Congruity shoiild 
be the aim in relating hghting, architecture and creed. 

In the study of church hghting the ceremonial uses of light should 
not be overlooked 

Many churches have ceUings of low reflection-factor and it is obvious 
that direct lightmg units must be utihzed m these cases However, 
this does not mean that the light sources cannot be well screened from 
the eyes. Deep lanterns, large enclosed umts with a dominant direct 
component, and prismatic enclosmg glassware lend themselves to the 
solution of these lighting problems 

Architectural ornaments, domes, arches, etc., which are the parts 
of an architectural whole, can be mdividually lighted m a manner that 
causes the chief hnes and parts to be modeled as the architect desires. 
Concealed hghting accomplishes this end very well. Lamps may be 
concealed above a capital, behind moldings and large cornices. Indirect 
lighting umts may be suspended here and there Some may lUummate 
the chief portion of the ceiling; others may hght an archway or alcove. 
All these possibihties are available for the production of certain hght- 
and-shade effects which harmonize with the architecture. 

It may be safely stated that m those churches which do not have dark 
ceihngs mdirect and concealed lightmg systems are in the ascendency. 
The reason is very plam, for these methods have the greatest possibih- 
ties of harmonizing hghting with architectural details 

If the chancel is to be hghted by means of windows, the latter should 
be very high and located at the sides if possible Preferably they should 
be of rather deeply stamed glass. It is easy to conceal hght sources 
behmd various projections near the front of the chancel and thereby 
obtain hghting for this portion of the church Light sources can be 
concealed behmd flower boxes and devices of this character constructed 
specially for the purpose of containing lightmg equipment In some 
oases the speaker has actually been spothghted The altar is very 
promment m some churches and m these cases burning candles are used 
symbolically In some instances mmiature electric mcandescent lamps 
surmountmg mutation candles replace the wax candle The high- 
voltage lamp with candelabrum base can be used for this purpose to 
some extent, but a transformer and mmiature lamps of low voltage 
may be a better solution 

Much of the charm and effectiveness of fine churches may be attrib- 
uted to the stained-glass windows which soften the glare of dayhght. 
Beautiful church windows lose much of their charm at night In a few 
instances they have been illummated at mght by means of hght units 
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hung from the exterior of the church This can scarcely be the best 
solution, for such windows require bnght backgrounds which compara- 
tively small hghting units do not supply. 

There are special pomts of mterest m churches which, if they are 
iUuminated to a greater intensity than their environments, will be more 
conspicuous and perhaps will appear more significant and effective. 
Local hghting is appsirently the best solution 
The organ keyboards should receive special hghting and this can be 
accomplished by means of simple metal shades. The switch should be 
convenient for the organist to reach. There are other similar lighting 
problems pertaining to the choir 

Modern churches have bulletin boards and most of these should be 
illuminated by artificial light This is simply done by means of metal 
reflectors containing ordmary hght sources. 
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CHAPTER X 

COMMERCIAL LIGHTING 
[Wabd Hareison] 

OfSices and Drafting Rooms 

Nature of Problem. — To-day there is no reason for other thai 
best illummation m new office buildings and in the older offices, 
though in the latter case the result is attained at a greater expense 
for, m the majority of cases, some change m the location of outlets wi 
be necessary. In general, however, the required alterations in wiring 
will be found profitable even where considerable expense is mvolved, 
for there are no locations where the consequences of poor lighting are mare 
serious or more keenly fell than in offices and drafting rooms. 

From the standpoint of utility, the problem of office lighting can be 
very simply stated. Fundamentally it is to provide the best illumina- 
tion for sustained vision of fiat surfaces in the horizontal or shghtly 
obhque planes m which papers, books, photographs, etc., are usually 
examined The perception of objects in their three dimensions, so 
important m the industries and in the arts, is here relatively unimpor- 
tant. On the other hand, experience has shown that in offices and 
draftmg rooms, perhaps more than in any other locations, an ample 
intensity of soft well-diffused light must be provided in order tl^t 
discomfort may be avoided and that the eyes may not become exces- 
sively fatigued by close apphcation for long periods of time. There 
should be no extreme contrast in the bnghtness of objects within the 
field of view, shadows should be subdued, if not entirely avoided; 
the lighting system should be designed to permit flexibihty m the ar- 
rangement of office furniture; it should be easy of maintenance and 
satisfactory in appearance. 

In designing a system of office lighting, it should be remembered 
that standards of illumination intensity are rapidly and continuously 
rising, as tenants and building managers come more and more to ap- 
preciate the value of good illumination. Furthermore, allowance 
should be made for the fact that, even in a small group of persons, one 
or more with defective eyesight wiU usually be found, and the lower 
limits of permissible mtensity should not be approached so closely that 
unnecessary hardship is imposed on anyone. Again, it should be re- 
membered that even where mdividual lamps are supplied for the illu- 

377 



378 


COMMEECIAL LIGHTING 


mination of the desks, a general iUmnination over the entire room of 
at least 1 foot-candle should be provided. 

TABLE XLVII 

Maximum Ratios of Spacing to Height op Light Source fob Sattspacttort 
Office IujUMInation 

I limits for One Lmuts for More Than One Row 


System 

Row of Umts 

A 

H 

B 

H 

of Umta 

C 

H 

Indirect* 

1 3 

1 6 

0 6 

Dense Semi-indirect* 

1 2 

1 6 

0 6 

Direct Semi-enclosing 

1 1 

1 4 

0 5 

Direct Dense Opal 

1 1 

1 4 

0 6 


* With indirect or semi-mdirect the ceiling is considered the hght source 

In some buildings where careful attention has been given to the 
design of the lighting of offices and hallways, an annoying drop in 
intensity is frequently apparent when one steps into an elevator. The 
adaptation of the eye is not instantaneous, and a person going from 
one intensity to another naturally moves slowly and with caution. In 
large modem offices, the time of a very large number of persons is 
dependent to a considerable extent on the elevator service, and ample 
intensity of hghtmg of the cars should be a first consideration 

Effect of Color on Quantity. — The expenence is not xmcommon to 
those who occupy offices for which dayhght furnishes illummation the 
greater part of the time, that, as the natural hght begins to fail and 
the lamps are switched on, the artificial illumination is seemingly 
inadequate — although at night the hght is entirely satisfactory This 
is due in part to the fact that the eye is, at this time of day, suffenng 
from a certain degree of natural fatigue, and m part to the dismchna- 
tion of the eye to adapt itself to hght of a lower mtensity Agam, 
toward evening the horizon as seen through the windows is frequently 
even brighter than at midday and this, by contrast, makes the interior 
illummation seem even more inadequate. The difference in the color 
of artificial hght and dayhght also appears to be partially responsible 
for the same impression, and a combination of the two is displeasing 
to many. In such cases, dayhght lamps, which give illumination hke 
sunhght in color, are desirable. 

Contrasts. — Extreme contrasts, such as those existing between the 
brilhant filament of a lamp m an open reflector and the general level 
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of brightness of a room, may produce marked discomfort. This is 
especially true in office lighting, where the position of a light source 
with respect to the eye must remain practically without change for 
considerable periods of time Furthermore, rune out of ten semi- 
indirect glass bowls now on the market are of too light density and are 
therefore unsatisfactory Heavy-density semi-indirect and totally in- 
direct umts not only overcome this objection, but at the same time 
mimmize the specular reflection, or sheen, from books, paper, photo- 
graphs, desk-tops, etc In many cases desks are thoughtlessly given a 
high pohsh — not infrequently they are topped with plate glass — and 
in such cases the reflection of a source may approach m briUiancy 
that of the source itself. It is difficult to avoid reflections entirely, 
but the harmful effects can be miniTnized by employing only those umts 
which are of low bnlhancy, and by arranging them carefully with 
respect to the position of the desks, or mce versa. It is often possible, 
in the case of small offices where single desks are used, to arrange the 
desks along the wall so that those occup3nng the office have the light 
sources over their shoulders. In this way reflections from desk-tops 
are prevented and the walls, unless highly finished or hung with pic- 
tures framed behind glass, will not give nse to objectionable reflections. 
Side walls of considerable area should not be finished in a tint so near 
to white that they will reflect a large volume of hght into the eye, nor 
should they be so dark as to cause undue contrast and needless absorp- 
tion of light. 

Shadow. — Although shadows are very helpful in determining the 
shape and relative proportions of objects, they are not strictly neces- 
sary for the usual office where the work is largely with horizontal 
planes. In fact, an excess of shadow is likely to prove a decided nui- 
sance; only enough to show the natural appearance of objects and 
persons is necessary. Dense shadows, such as those cast by a single 
umt of high mtensity and relatively small size, or shadows with a series 
of sharp edges, such as those cast by several small units, are par- 
ticularly annoying. To be satisfactory from a shadow standpoint, 
hght sources should be of large area and low bnlhancy, in order that 
such shadows as do form will be luminous and with gradually fadmg 
edges 

It is of particular importance in the case of drafting rooms that the 
hght be highly diffused in order that shadows and reflected glare may 
be avoided. It will often be found more satisfactory from a hghting 
standpomt, and just as satisfactory from other standpomts, to work 
upon the dull side of tracing cloth rather than upon the shmy side. 

From the data presented in the preceding paragraphs, and a careful 
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review of Table XXXHI, page 282, the following conclusions may be 

derived. r ^ 

1 Open-reflector units are not suitable for large general offices ro 
the standpomts of brightness, specular reflection or shadow. A single 
direct-hghting unit, if of large area and low brilliancy, would be satis- 
factory for one person alone m an office when so located as to bring the 
light over the left shoulder. It should be designed to illuminate the 
surroundings to a fair intensity. 

2. Semi-enclosing units are preferable to open-reflector units for 
office and drafting-room lighting. It is important that they be of largo 
size and that the density of the glass bowl be such that they are satis- 
factory from a brightness standpomt. Care must be used to place them 
so that specular reflection toward the eyes wiU be avoided as far as 
practicable. Semi-enclosmg units are usually the best solution of the 
problem where it is actually impossible to obtain a light ceiling. 

3. Semi-indirect units which have a high brightness due to the use 
of light-density glass bowls of small diameter produce somewhat the 
same general effect as direct hghting units. Where the ceiling does 
not present a reasonably good reflectmg surface and where it cannot be 
made into a good reflector, semi'-endosing units are, however, more 
efficient than such semi-indirect units and are equally good in most 
other respects Where a ceding of reasonably good reflectmg power is 
obtainable, units of lower bnghtness are to be preferred. In other 
words, the legitimate field for the ordinary hght-density semi-indirect 
unit as apphed in office lightmg is extremely limited. 

4. Semi-mdirect units of dense glass or lighter bowls of large area 
and totally mdirect units are excellent for office lighting where a ceiling 
of good reflectmg power is obtamable Brightness contrasts can be 
made entirely satisfactory, specular reflection is reduced to a minimum 
and objectionable shadows are avoided. A lighting system of such 
units permits maximum flexibihty m the arrangement of furniture in 
a general office and is usually the most practical system for a private 
office as weU. 

Obviously, it is important that whether indirect, semi-direct or 
semi-enclosing umts are selected, there should be no unnecessary waste 
of light due to improper design Whether the reflector is of mirrored- 
glass, opal, porcelain or other material, it should be designed to permit 
easy cle anin g and should be hard and smooth in order that it may 
serve as a good reflector and be slow to accumulate dirt, the contour 
should be such that hght will not be pocketed and lost. 

Location and Number of Lightmg Units. — In any case, but particu- 
larly m the case of offices built for rentmg purposes, careful considera- 
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tion should be given to locating the units in such a way that if partitions 
are later removed or new ones built in to suit the requirements of a 
tenant, the outlets already mstalled will still be usable This factor 
alone is frequently of sufficient importance to justify the use of a greater 
number of outlets than are necessary to suit the existing lightmg re- 
quirements Special structural features, such as the location of ceilmg 
beams and the placement of doors and windows, should receive atten- 
tion The sketches of Fig. 119. illustrate how the use of 6 units, 
m a room where 4 would satisfy conditions of uniformity, permits 
the change from a general office to a private one, where, owmg to the 
location of the windows, a change to two offices of equal size would be 
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practically out of the question. The cost of installing, say, 6 units, 
need not necessarily be much greater than that for 4, for the cost of 
glassware increases, not in proportion to its diameter, but at a much 
faster rate, and the difference m its first cost may be sufficient to offset 
the greater cost of wiring. It is an advantage, too, if the number of 
different sizes of units and lamps employed in an office buildmg can be 
kept small in order to facihtate replacement from stock Sometimes 
it IS advisable to wire for locations where it is thought units may at some 
future tune be desirable, but to seal the wires beneath the plaster until 
required. 

Where totally indirect or dense semi-indirect units are used, and the 
greater part of the illumination comes from a large area on the ceilmg, 
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the question of direct glare is automatically cared for. On the other 


hand, because of the large ceihng 
such umts, it is difficult to avoid a 

I 



Fig 120. Arrangement of Desks to 
Avoid Specular Reflection 


area which is brightly lighted with 
certain degree of specular reflection 
m polished surfaces Reflected glare 
from direct hghtmg equipment can 
sometimes be avoided, as previously 
stated, by arranging the desks along 
a wall so that specularly reflected 
rays will travel away from the eye, 
rather than toward it, as shown ui 
Fig. 120. 

From a study of the light dis- 
tnbution of units with special ref- 
erence to office lightmg, it has been 
possible to establish fairly definite 
rules for determining the number of 
rows of umts required, the spacing 
distance between umts, and the dis- 
tance from the walls to the nearest 
rows of umts, to msure a satisfac- 


tory illumination as regards both quantity and direction m all parts 


of the room The data given in Table XLVII, see also Fig 121, have 


been appUed veiy satisfactorily in practice. 



With Indirect or Bezm-Indlrect the ceiling is considered the llffht source. 


Fig 121 Diagrammatic Sketch for Spacmg and Heights of Ofl^ce Units 


Libraries. — The problem of lightmg the reading room in a hbrary is 
not dissimilar to that of lighting a large general office, and if an overhead 
lighting system is desired the same rules apply, however, in many cases 
a preference is expressed for individual tables and a very low degree of 
general illumination m order to promote an atmosphere of quiet In- 
dividual lamps, however, must be chosen with extreme care so that 
glare may be avoided, and must be placed to one side of the reader and 
not more than one foot m from the edge of the table if there is to be an 
absence of specular reflection from the books. Where individual tables 
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re used these principles can be carried out, but a satisfactory system 
f local lights for large reading tables accommodating four or more 
ersons can scarcely be provided. 

Store Lighting 

Classification.. — For consideration of their lighting requirements, 
txires may be divided mto four classes: 

1. Department stores and the large specialty stores of principal 
ities; 

2. Medium-sized stores, including the large stores of smaller cities; 

3. Small, select stores and shops; 

4. Small stores of the usual type. 

In the stores of the first-named class, the hghting requirements are 
ery similar, although the location of stores, their size and the individual 
references of their owners will, of course, cause considerable variation 
1 the design of hghting installations Such stores are usually imposmg 
atabhshments and the hghting equipment should assist in furthering 
le impression created by the store as a whole. On the main floor, 
specially, a high intensity of light and a pleasing appearance of eqmp- 
lent are necessary 

For stores of medium size, in which class it wiU be noted are included 
le large stores of the smaller cities, the system provided should possess 
istmctive and decorative features, but these should be obtained with 
ue regard to the eflBicient utihzation of the hght. 

In the select small store or shop, great freedom is usually permissible 
1 the selection of a hghting system, good appearance and a pleasing 
feet are the important considerations 

For the usual small store, elaborate hghtmg is not required; rather, 
le system should supply plenty of light ejficiently. 

Department and Large Specialty Stores. — For the mam floor of a 
Bpartment or large specialty store, a system of enclosing units or of 
)me form of serm-indirect or totally indirect units is preferable to a 
/stem employing open reflectors With the exception of certam 
nsmatic types and flattened globes, totally enclosing umts do not 
rovide a high degree of hght control, and in order to avoid undue glare 
le umts should be of large area and highly diffusive A portion of the 
5 ht from these umts is transmitted directly to the objects beneath and 
lother portion reaches them by reflection from the ceiling. A certam 
3 rcentage of the hght flux is emitted at angles near the horizontal and 
3 ver reaches the counters. Light emitted near the horizontal does, 
:)wever, serve a very useful purpose in that it illummates vertical or 
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inclined srurfaces, such as shelves, racks, etc., which if lighted only from 
directly above would be inadequately illuminated. Enclosmg units are 
obtainable m a wide variety of shapes and sizes, rangmg from very 
inexpensive to very costly and exclusive designs, which features have 
led to their common use in aU classes of stores 
Indirect Units. — For comfortable vision, indirect and semi-mdirect 
umts are more desirable for the main floors of department stores than 
are enclosmg units. With strictly mdirect systems, where the ceiling 
acts as the light source and there is a pronounced downward direction 
to the light, the uniformity and diffusion of the illumination are excel- 
lent, glare from the hght source is absent, and reflections from plate 
glass and pohshed fixtures are avoided, however, shadows, which if of 
proper density are a great aid in judgmg the shape and proportions of an 
object, may be too greatly reduced. The direction of the hght, more- 
over, tends to make vertical surfaces appear poorly lighted. Smce the 
illumination of the room is entirely dependent upon reflected hght from 
the ceihng, the efiflciency of the system will be highest if the ceihng is 
finished in white However, with the present low cost of light, a tinted 
ceihng is justified where it is essential to the decorative scheme of the 
room or where hghtmg of a certain color tone is desired 

The luminous-bowl type of indirect unit produces the same general 
character of illummation as that produced by strictly mdirect umts; 
but the auxihary bowl, bemg lummous, gives a direct component which 
assists slightly m illummatmg vertical surfaces. 

Semi-indirect Units. — Semi-mdirect units of dense or toned glass give 
an effect very similar to that given by lummous-bowl induect umts, but 
they transmit a higher percentage of the light, and are, under usual 
conditions, shghtly more efficient. With bowls of light density, the 
results approach more nearly those obtamed from opal-glass enclosmg 
umts; contrary to what might be expected, however, the semi-mdirect 
S3^em is often more efficient, owmg to the fact that less hght is ab- 
sorbed by the bowl, less hght is emitted in angles near the horizontal, 
and more hght is directed to and diffused from the ceilmg at effective 
angles. 

It is possible to obtam either indirect or semi-indirect bowls in exclu- 
sive designs harmonizing with the decorations and conforming to the 
tastes of the user. Regardless of the design of the exterior, however, 
it is of the utmost importance that the mterior be a hard, smooth, re- 
flectmg surface m order that good efficiency may be maintamed. In an 
installation which runs into any considerable expenditure, it is well 
worth while to secure the opimon of a competent architect or decorator 
before determimng upon a defimte extenor design. Frequent cleanmg 
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and good maintenance are very essential for these types of li 
equipment. 

Upper Floor Requirements. — Lighting units of the general 
mentioned are suitable for the upper floors of large stores, often a smaUe 
size of the same design may be chosen. In some cases, a well-designed 
direct hghting system may meet the requirements satisfactorily. With 
open reflectors, bowl-enameled lamps should always be installed and 
the units should be suspended at such a height that they will be, as 
nearly as possible, outside the ordinary range of vision. Tungsten 
lamps larger than 200 watts should not be used in open reflectors. 
Semi-enclosmg units are available, however, which operate on much the 
same principle as an open reflector but which are provided with a diffus- 
ing glass bowl below the reflector which screens the lamp from view. 
With such units, any size of lamp may be used. Their efficiency com- 
pares favorably with that of the prismatic type of enclosmg unit. 

On all floors, the fixtures should be located symmetrically with respect 
to the divisions or bays usually formed in the ceiling by the structural 
features of the buildmg, unless it is desired to arrange the hghting to 
enhance some architectural effect in light and shade, or color, m accord- 
ance with a skillful designer's well-considered plan 

Stores of Medium Size. — The lighting requirements of stores of 
medium size are the same as those cited for large stores, except that a 
location amid less impressive surroundmgs may decrease the need for 
purely decorative features. In this class of store, a semi-indirect 
system employing some form of inexpensive medium-density bowl wiU 
otten fully meet the requirements of a distmctive and economical 
installation. A well-designed direct-hghting system, such as might 
be used on the upper floors of a large store, is very frequently deemed 
entirely satisfactory — especially where a semi-enclosing unit is used. 

Exclusive Stores. — Exclusive small stores or shops, found princi- 
pally m the larger cities, lend themselves to an artistic treatment which 
is impossible in large stores. In many cases, the use of colored lamps 
to provide hghting df a distmctive tone is highly desirable, while um- 
formity of illummation is to be avoided rather than sought. The 
fixtures may well be of special design, but care should be taken to avoid 
the very common error of allowing too brilliant hght sources withm the 
range of vision Modifications of semi-indirect, indirect and enclosmg 
fixtures are used almost entirely 

Small Stores in General. — Efficiency is the first requirement of a 
hghting system for the usual small store. A high intensity is necessary 
for the convenience of customers and for advertising purposes, but the 
fixtures may be of very simple design. Consequently, direct hghtmg 
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with open reflectors, or with a good tyjpe of semi-enclosing unit, is, as 
a rule, most applicable, although often the installation of an inexpensive 
semi-indirect or enclosmg unit is preferable. 

Semi-enclosing units possess an advantage over open reflectors in that 
they diffuse the light from the filament over a comparatively large 
area; hence, they may be used with a lamp of any size and in locations 
where open reflectors would cause annoymg glare They possess an 
advantage over opal enclosing units m that they distribute hght in 
much the same manner as a dense-opal open reflector and are, therefore, 
less dependent for their efficiency upon the fimsh of the walls and ceiling, 

A common mistake in the hghting of small stores is the installation of 
a single row of direct hghting reflectors along the center of the store, 
whei'e at least two rows of smaller umts should be used to prevent the 
customer’s shadow from interfering with the examination of the wares, 
and to illuminate the shelvmg or high cases along the side walls. A 
single row of semi-indirect or enclosing units is, however, usually satis- 
factory. An exception to the use of bowl-enameled lamps with open 
reflectors may be made in the case of small jewelry stores, where brilliant 
reflections m gems and cut glass may be desirable, the units should,^ 
however, be placed well above the usual hne of vision, to avoid glare. 

Illumination Intensities, — A lightmg installation serves a double 
purpose first, it permits the merchandise to be examined with com- 
fort; second, it advertises the store. Light is recogmzed as one of the 
least expensive and most effective of advertising media, and hence 
intensities higher than those absolutely necessary for comfortable 
vision are almost imiversally demanded. The three factors which 
govern the selection of an intensity for any particular case are the 
nature of the merchandise — for dark goods require a higher intensity 
than hght goods to appear equally well illuminated, the illumination 
standard of the immediate neighborhood; and, the amount which the 
owner feels it expedient to apportion for the advertising value of a 
high intensity. The lower values of any table of intensities should, 
therefore, be used cautiously and full weight given to local conditions. 
However, values appl3dng to average conditions are useful as a basis 
upon which to estimate desirable intensities, and such values are given 
in Table XXXII (Chapter Y) 

The maximum ratios of the spacing distance, to the height of the unit 
above the working plane, which may be used with fair uniformity of 
illumination are given in Tables XXXIX and XL. If greater spacing 
distances than those determined by these ratios seem desirable, it 
should be remembered that as the spacing is increased, the degree of 
uniformity decreases rapidly. The greater the permissible spacing 
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distance, the larger the lamps which may be used and the fewer the 
number required. The fewer the units of a given type, the less the 
installation and operatmg expense, but the greater the area affected 
by the failure of a lamp and the denser the shadows. 

Show-windows 

The primary object of a show-wmdow is to attract attention, and 
the realization of this object depends upon hghtmg. It should be ob- 
vious that the show-window provides opportunities to utilize all the 
powers of hght. Not only may the displays be flooded with light, but 
spectacular effects may be utilized for their attention value. The show- 
wmdow in many respects may be likened to a stage In fact, there is 
such a similarity that it may be stated that all the lighting effects of 
the stage may be utihzed in the show-window. 

The mtensity of iUummation in the show-window must be greater 
than that m the street or in the store if it is to attract much attention. 
The Tninimum mtensity which is satisfactory varies considerably with 
the location. It may be ten times as great m the downtown distnct 
along a “ white way ” as in the case of a store in the suburbs or in a 
viUage. The light sources should be concealed if the display is to be 
easily seen. It appears to be the idea of many second-rate shop- 
keepers that a great many bare lamps, plainly visible, provide good 
lighting. They may attract attention but they do not illuminate a 
display satisfactorily. 

The use of border lights along the top of the wmdow is the most 
common device. The type of reflector is determmed by the depth 
from front to rear and the height of the show-window. By drawing 
an elevation to scale the type of distribution curve may be detenmned. 
Reflectors for this purpose are chiefly of silvered and prismatic glass, 
and they are designed to give an asjmunetncal distribution. The 
spread of the curve is determmed by the vertical cross-section of the 
window. Very high and shallow wmdows require a more extensive 
distribution The watts per running foot of window depend upon the 
mtensity of light desired and vary from 20 to 300. The manufacturers 
of equipment of this character supply the necessaiy data from which 
computations and selections can be made A practicable scheme, 
which is useful for computing the lamp wattage per running front foot 
for gas-filled tungsten lamps, but which does not allow for color effects, , 
IS as follows- 

Classify the wmdow, giving it a number from 1 to 10, dependmgj 
upon its importance, the goods displayed, the location, the street 
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> lighting intensity, etc. For example, a window in a country store will 
' be classified as number 1. The windows in high-class stores in the 
shoppmg districts of cities would be given number 10. However, 
inasmuch as there is a tendency toward higher intensities of artificial 
hght, the best windows of first-class department stores may even- 
tually be given a number greater than 10 Now add the distance m 
feet from the floor of the wmdow to the point where the lamps are to 
be mounted to the distance m feet from the glass to the back of the 
window. Next multiply this sum by the classification number of the 
, window. The result is the lamp wattage required per running front 
' foot of window. This rule applies to the gas-filled lamp. If “ day- 
hght lamps are used the wattage should be mcreased by 50 per cent. 
After obtaining the watts per front foot the total wattage is found by 
multiplymg this value by the total frontage of the windows. This 
total wattage may then be distributed among a certain number of 
hghtmg units Although the use of mdmdual units consistmg of high- 
efficiency lamps m silvered or prismatic glass reflectors is generally 
advisable, there are places for other equipment Aluminized and 
enameled reflectors reflect hght but they do not direct it as do the 
silvered and prismatic reflectors However, these units may be used 
to advantage where diffusion rather than projection of hght is desired. 
Trough reflectors, though not very effective as projectors of light, 
meet many special needs Many of the necessary data pertaining to 
this equipment can be obtamed from manufacturers. 

In some windows, foothghts are used m addition to top lights. These 
can be mgemously concealed They provide hght from below and re- 
duce the shadows sometimes too apparent when only top lights are 
used. The next step is to add sidehghts Where the wmdow runs 
around a comer it is necessary to resort to stationary screens or some 
other device to conceal the Hght sources from view 

More than one circuit is instaUed in some of the modern show-windows 
m order to utihze the charm of colored hght and to obtain a variety of 
hghtmg effects. At present it is usuaUy necessary to use colored 
screens m frames supported by the reflectors. Devices of this char- 
acter are on the market. 

The hghtmg units m a show-window are concealed behind structural 
features designed for the purpose, or a valance is provided at the top 
of the window. The background of a show-window should have a dull 
finish m order not to act as a mirror and reflect images of the hght 
sources mto the eyes of the observer Glazed surfaces of wood, metal 
or glass are objectionable for this reason. If windows are necessary 
in the background m order to admit light into the store, draperies can 
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be drawn before them at night. Backgrounds of moderate reflection- 
factor are preferred to those of high or low value 
A high intensity of illumination is desirable not only for the purpose 
of attracting attention but also to make it possible to discriminate 
colors, teicture, etc It is unsatisfactory to the observer not to be able 
to see the display sufficiently well to appraise the goods Tests have 
indicated a greatly mcreased drawmg power for windows where the 
illumination has been increased. One set of data showed a 33 per 
cent increase in drawing power where the ifluinination was changed 
from 15 to 40 foot-candles and a 73 per cent increase by the use of 100 
foot-candles. At the same wattage, the use of colored light increased 
the drawmg power about 40 per cent. The daylight lamp reveals the 
colors satisfactorily, but m some cases, by comparison with artificial 
light of yellowish tints, the windows lighted by means of the tungsten 
daylight lamp may appear cold This may be remedied by usmg 
backgrounds and floor coverings of warmer tints than would ordinarily 
be used. 

Overhead skyhghts are used to some extent m deep, low windows 
and m '' island ” windows. Perhaps the best solution for the artificial 
lightmg m these cases is to set pieces of etched or sandblasted crystal 
glass into recesses in the ceiling A light source may be placed m a 
reflector or enclosure above each of these pieces of glass If dayhght 
is to be admitted from above, allowance must be made for this. 

If there were no considerations other than lightmg, an ideal show- 
wmdow would have several circuits completely around the window. 
These would be controlled by dimmers and switches so that any desired 
quality and dominant direction of hght could be obtained. The back- 
ground would be removable so that any scemc representation could be 
used This scene would be provided with hghtmg from concealed 
sources, and the quahty of light would be under control In brief, 
this mcludes the possibilities discussed in connection with stage light- 
mg The arrangement for changing the scene is desirable because goods 
are often displayed out of season. For example, furs are shown in 
August when the need for them is remote The power of suggestion 
might be utihzed by means of a wmtry scene m the background. 
Special hghtmg of this scene adds greatly to its effectiveness By no 
means has the show-window reached its highest state of development. 

Spothghts are very effective m show-windows They pick out a 
single article and emphasize it amid the semi-darkness. Flashers may 
be used to control several spotlights m a single window. If these are 
lighted in succession, the pointmg fingers ” of hght are very effective 
m directing attention 
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Portable lamps and artistic lighting fixtures also have a field in the 
show-window. They aid in simulating interiors and can be used for 
conceahng light sources which provide the primary lighting 

The daylighting of show-windows is most generally accomplished by 
means of a vertical plate glass, but various refinements may be incor- 
porated. The opaque background of the show-wmdow prevents light 
from entering the front part of the store. In order to overcome this 
objection, windows (usually decorative) are sometimes placed in the 
background. As already suggested, it is well in many cases to provide 
drapenes for them at mght in order to eliminate the reflection of images 
of the light sources. Special prism glass is sometimes placed in the 
upper part of the window or above it, m order to direct light into the 
back of the window or into the store. Overhead skylights are some- 
times installed in the ceiling of the show-window. 

Curtains and awnings are used for protection against intense sun- 
light, and the awnmgs are also used to reduce the annoyance from 
images of the sky and buildings reflected from the vertical glass. These 
reflected images are extremely annoying; and while they cannot be 
avoided in the case of the vertical glass, because the images of the 
sidewalk, street and opposite buildings are always present, their effect 
can be minimized by the use of suflaciently high intensities of illumina- 
tion on the articles exhibited. In one case experiments showed that 
with a 100-foot-candle illumination, due to daylight, on the window 
surface, the addition of from 200 to 300 foot-candles made the interior 
as distinctly visible as when the artificial lights were extinguished and 
the plate glass m the wmdow removed. It required, however, the 
addition of about a 1000-foot-candle illumination to make the window 
display attractive. This was accomphshed by the use of spotlights 
or floodlights of roughly 25,000 candlepower each. Where such inten- 
sities are employed, care must be taken to see that the additional heat 
does not injure the display 

If the exterior objects were non-reflectmg, there would be no visible 
reflected images. Certain schemes using a curved glass mstead of a 
vertical plane glass have been tried but have not come into general use, 
possibly because the use of curved glass requires that its lower edge be 
placed back from the ordmary front hne of the window and hence the 
goods displayed must be put farther back than usual and receive less 
natural light, as well as being farther from the observers. 
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INDUSTRIAL LIGHTING 

[H H. Magdsick] 

Factory Lighting 

Factory lighting is an economic problem In solving it one is con- 
cerned first of all with the provision of hghting conditions which will 
enable the eye to function most qmckly and easily. Psychological 
factors in hghtmg are an important element m the efficiency of factory 
operatives, but aesthetic considerations are here of minor importance 
as compared with some other fields of illumination The major re- 
quirements which must be met m the choice of hghtmg equipment and 
the design of the installation are a steady light of sufficient intensity 
on all work surfaces, whether m horizontal, vertical or oblique planes; 
a comparable mtensity of hght on adjacent areas and on the walls; 
hght of a color and spectral character suited to the purpose for which 
it IS employed, freedom from glare and from glaring reflections, light 
so directed and diffused as to avoid objectionable shadows or contrasts 
of mtensity; a system which is simple, rehable, easy of maintenance 
and reasonable in initial and operatmg cost With these requirements 
met, there result lessened eye fatigue and conservation of the vision of 
the employees; protection from accidents, gi*eater production per 
operator; less spoilage and work of higher quahty, improved morale 
and lesser turnover of labor; easier supervision and greater order and 
neatness in the plant 

The state is interested in the protection of employees against acci- 
dent and impairment of vision The statistics of insurance companies 
dealmg in accident habihty show that in a considerable proportion of all 
mdustrial accidents — nearly one-fifth — msuflScient or mcori’ectly ap- 
plied illu min ation is either the primary or a contributing cause A 
growmg number of states are, therefore, regulating the minimum 
amount of light to be provided and to some extent its quality. The 
code sponsored by the American Engmeermg Standards Committee and 
prepared under the direction of the lUuminatmg Engmeenng Society 
forms the basis of most of the state laws. It makes the following 
m imTnum provisions as to amount of hght. 

392 
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Rule 1. Illumination Required. — The illumination maintained shall 
be not less than given m the following table. 

TABLE XLVm 


(a) Roadways, yard thoroughfares . 

(b) Storage spaces; aisles and passageways m workrooms except- 

mg exits and passages leadmg thereto 
(o) Where Ihe(Tiin%nation of Detail Is Not Essential 

Spaces, such as — Hallways, stairways, exits, and passages 
leading thereto; toilet rooms; elevator cars and landings 
Work, such as — Handling matenal of a coarse nature; 
grmdmg clay products; rough sortmg, coal and ash han- 
dlmg, foundry chargmg 

(d) Where Slight Discnmination of Detail Is Essential 

Spaces, such as — Stairways, passageways and other loca- 
tions where there are exposed movmg machines, hot pipes, or 
hve electrical parts 

Work, such as — Rough machimngy rough assemblmg, 
rough bench work, rough forgmg; gram nulling 

(e) Where Moderate Discrimination of Detail Is Essential 

Work, such as — Machimng, assembly work; bench work, 
fine core making m foundnes, cigarette rolhng 

(f) Where Close Discrimination of Detail Is Essential 

Work, such as — Fme lathe work, pattern makmg, tool 
makmg, weavmg hght-colored silk or woolen textiles, office 
work, accountmg; typewntmg 

(g) Where Discrimination of Minute Detail Is Essential 

Work, such as — Watchmakmg, engravmg, drafting, sew- 
mg dark-colored matenal 

As to the quality of light the code provides 

Rule 2 Avoidance of Glare^ Diffusion and Distnbulion of Light — 
Lighting whether natural or artificial shall be such as to avoid glare, 
objectionable shadows and extreme contrasts, and to provide a good 
distribution of light; in artificial lightmg systems, lamps shall be so 
installed m regard to height, location, spacmg and reflectors, shades or 
other suitable accessories, as to accomplish these objects. 

Bare hght sources, such as exposed lamp filaments or gas mantles, 
located withm the ordinary field of the worker’s vision, are presumptive 
evidence of glare 

Illumination of the Work. — The above provisions are suggested 
merely from the standpomt of protection to the eyes and to the life and 
hmb of the worker. The reqmred values of mtensity are not offered 
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by the states as sufficient for efficient production; they do not take into 
account the economic factor, which is of interest alike to the manu- 
facturer and his employees and which has been taken into account in 
Table XXXII, Chapter V. 

It IS significant that those factory managements which have given the 
most study to the lighting of their plants are tendmg in their practice 
toward higher levels of illumination. 

The results of some quantitative tests in factories are indicated in 
Table XLIX. 

j TABLE XLIX 

lUiUMINATION^PHODUCnON ECONOMT TbSTS 



Average Foot- 

Average Foot- 

Increase in 
Production 
with New 
System 

Lighting Cost 

Shop 

oandles with 

oandles with 

in Per Cent of 


Old System 

New System 

Payroll 

Pulley finishing 

0 2 

4 8 

35 0% 

5 0% 

Soft-metal bearing 

4 6 

12 7 

16 0% 

no data given 

Heavy steel machine 

3 

11 5 

10 0% 

1 2% 

Carbureter assembly 

2 1 

12 3 

12 0% 

0 9% 

Jute spinning 

Plant mfg eieo , gas, 
and saa irons 

1 5 

0 7 

9 0 

13 5 

17 0% 
12 2% 

no data given 
2 6% 

(4 0 at tool 




pt ) 




Semi-automatic buff- 





ing brass shell 
sockets 

3 8 

11 4 

8 5% 

1 86% 

Mfg piston rings 

1 2 

18 0 

25 8% 

4 4% 

2 0% 

Letter separating 

3 6 

8 0 

0 6% 

Roller bearing 

5 0 

20 0 

12 5% 

2 4% 


It will be seen that m aU of these cases the advantage gained in 
decreased cost of production is far beyond the increased cost of hghting. 

In a consideration of the amount of light necessary for factory dlu- 
mination, all work surfaces must be considered, whether in horizontal, 
vertical or oblique planes. At one time, consideration was largely 
confined to hght on the horizontal, yet most factory work involves the 
perception of objects in their three dimensions, and the ihummation of 
all surfaces is important. 

Except in especially unfavorable locations, such as near the dark 
side wall of a room, any of the systems of lightmg usually employed can 
be expected to provide an intensity of illummation on any vertical plane 
equal to about one-half of that measured m a horizontal plane at the 
same point This fact should be kept m mind, particularly in designing 
a lightmg system to comply with the State Codes, which usually specify 
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only the value to be provided on the principal plane of the work, which 
may be vertical, horizontal or obhque. 

Illumination of Surrounding Surfaces. — Moderate intensities of 
illumination in aisles and other spaces intermediate between the working 
surfaces, on the walls, etc., are necessary to safety, good vision and a 
stimulating atmosphere Light side walls are conducive to a cheerful 
impression of brightness throughout the room. Sources which direct 
considerable light to the vertical planes, and hght colors for the upper 
walls, aid materially in accomplishing this. 

The eyes of the workman looking up from his well-Uluminated machine 
or bench are not adapted for vision at low intensities; hence, if adjacent 
objects and aisles are only dimly lighted, he will be compelled to grope 
about, losing time and risking accident, or to wait until his eyes have 
become adapted to the low intensity Glancing back at his work, he 
again loses time while the pupils of his eyes adjust themselves to the 
increased amount of hght which reaches them. If long continued, this 
condition leads to fatigue, as well as to interference with vision, and to 
accidents. The general illumination of aU intermediate and surround-’ 
ing areas should be sufficient to allow no marked contrast with the 
brightness of the working surfaces. 

Direction and Diffusion of Li^t. — Differences in brightness of sur- 
faces, that is, hght and shadow, are essential in observing objects in 
their three dimensions. Without such differences, except as vanations 
in color are present, no outlines, edges or contours would be defined, 
one could not tell whether the faces were flat, convex or concave. On 
the other hand, in the factory it is usually necessary to work on surfaces 
in many planes; hence, while dense, sharp shadows would define edges 
and outhnes most distinctly, they might also be so dark as to interfere 
with work m the shaded areas 

In offices, close scrutmy is largely limited to plane surfaces and the 
prmted words and figures are rendered legible by diEferences in color and 
contrasts in brightness with the background, and here specular reflec- 
tion and shadows are of no aid to vision, but usually do harm. Most 
factory operations, however, involve viewing objects in three dimensions. 

For satisfactory general illumination in industrial plants, there musti 
be no shadows so dense as to make vision difficult where the direct 
hght from one or two sources is cut off, nor so sharply defined as to cause 
confusion between a machine part and its shadow. In general, lightmg 
should be so designed that shadows are present, but they should be soft 
and lummous 

Color Quality of Light. — The spectral character of light used for 
industrial processes has an importance depending upon the nature of 
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the task and the shop personnel. When objects having color differences 
are involved, color identification and discrimination form an important 
aid to vision. They define outlines and edges and serve to identify 
objects which may be similar in other respects, such as form, texture 
and reflection-factor. For many mdustnal operations, therefore, it is 
necessary to provide an lUuminant which emits rays of all colors, as is 
the case with gas and electric incandescent lamps Where manufac- 
turing processes require more precise color identification, a further 
correction, such as is provided in the “ daylight ” lamps, is found de- 
sirable, and for dye makmg and the closest color matching, the fighting 
equipment must duphcate the standard north skylight with exactness. 
There are, of course, numerous industrial processes m which little color 
discrimination is involved. 

Under certain conditions the spectral character of the light is im- 
portant from the standpoint of the penetratmg power of the 
various wave-lengths Thus, in a foundry, fight in which red and 
yellow rays predommate is most effective during certam periods of the 
day’s operations. 

Glare. — Glaring light sources are frequently the cause of accidents; 
they mterfere with vision, cause annoyance, discomfort and fatigue 

Wherever highly polished surfaces are present, the reflected images 
of a light source, as seen in these surfaces, are likely to cause more 
discomfort than the source itself. This is because of the necessity of 
(firectmg the eye toward the work surfaces, and further because of the 
relative sensitiveness of the eye to light rays entering from below. In 
choosmg lighting equipment it must be borne in mmd that, although a 
given reflector may afford adequate protection against direct glare from 
the filament, it wiU not protect against glaring reflections unless the 
lamp is shielded in such a maimer that it is not glarmg when viewed 
from directly beneath. There are certam industrial operations, such 
as the inspection of finished surfaces, m which a certam degree of specu- 
lar reflection or sheen is very effective m facilitatmg the process. 

The ideal source for most factory lightmg must be low in brilliancy, 
to miniTTiize glare and specular reflection, and must distribute the fight 
! in a manner to supply satisfactory illumination on the vertical as well 
' as on the horizontal It must be sufl&ciently large m area to give soft 
shadows, and m most cases must be small enough to insure a directed 
light. 

The Design of a Factory Lifting System. — The first provision to 
be made in the lightmg of a factory is that of good daylight facilities. 
Where conditions permit the use of saw-tooth sky windows, the excel- 
lence and uniformity of daylight iUumination near the windows is of 
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a very much higher order than that through the center of the shop. 
This may be overcome to some extent through the use of prismatic 
glass m the upper part of the wmdows, so as to redirect the dayhght 
toward the center of the room. Glare should be avoided for those 
workers who must face the sky for long periods and for those who may 
at any tune be subjected to direct sunhght, through the use of window 
shades In order to utilize better the available daylight and permit the 
maximum mtensity to reach the center of the room while stih shading 
operators near the wmdows, it is especially important to have shades 
which may be drawn over the lower part of the window only. Window 
shades should be translucent rather than opaque. 

For the artificial hghtmg of factories three types of illnTninfi-nts are 
in use to-day — incandescent electric, incandescent gas (as weU as a few 
open gas flames) and mercury-vapor arcs. In the choice of an illumi- 
nant one should consider the relative efficiency of hght production, not 
only mitially but especially throughout life. The latter is a point on 
which full information should always be obtained. One should further 
consider the effectiveness with which the light can be utihzed In this 
connection the range of available sizes is important, as is also the adapt- 
ability to control of distribution and quality of the hght through acces- 
sory equipment Spectral character of the light, convemence factors, 
fire hazard and other items enter In determimng the relative cost of 
hghting systems three items must be mcluded (1) Fixed charges, 
which mclude mterest on the mvestment, depreciation of permanent 
parts, cleanmg and other expenses which are iudependent of the hours 
of use; sometimes this item forms the greater part of the total operating 
expense, (2) mamtenance charges, which mclude renewal of parts, 
repairs, labor and all costs, except the cost of energy, which depend upon 
the hours of bummg, (3) the cost of energy, which depends upon the 
hours of bummg and the rate for gas or electricity 

From the discussion of factory hghtmg requirements, it is apparent 
that the early practice of hghtmg mdustrial operations largely with 
hght sources at the work itself will not provide satisfactorily for all 
requirements. There are, of course, some operations which require an 
exceedmgly high mtensity at the point of the work, and this intensity 
can be satisfactorily and most economically apphed with small units 
hghtmg restricted areas. When such umts are employed they should 
be, as far as possible, permanently fastened m the correct position. 
Special care must be exercised in shadmg them to protect the eyes not 
only of the operator but also of all the people m the room To avoid 
objectionable contrasts m mtensity, general overhead illumination 
should be provided m considerable amount. The higher the values of 
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the local iUumination required, the greater must be the illumination of 
the surrounding surfaces. 

As practice has tended toward higher and higher values of general 
illumination, the necessity for local supplementary hghting equipment 
has rapidly decreased. In a large proportion of typical modern manu- 
facturmg spaces, the absence of overhead obstructions and the arrange- 
ment of processes is such that a symmetrical installation of lighting 
units may be made, giving substantially uniform values through the 
room or working areas This arrangement permits the maximum 
flexibihty in rearrangmg processes and machinery. In other plants 
the presence of shafting, belts and other overhead obstructions, and a 
fixed arrangement of the plant facilities make it desirable, while still 
providing general lUummation from overhead, to locate the rows of 
units so that there will be the greatest freedom from shadows and the 
highest utilization of the light flux. Another condition which frequently 
makes a modification of the 83nmnetrical arrangement of umts desirable 
is the presence of machinery, benches, etc., along the wall, necessitating 
the placing of the outside rows of units sufficiently close to the wall to 
avoid shadows from the operators and from machinery or materials. 
Where such benches or machinery are employed much of the time, this 
arrangement is usually found preferable to the alternative of supplymg 
supplementary hghting units over the benches. 

Exterior Lighting for Industrial Plants 

Exterior lighting of industrial properties is required principally for 
the foUowmg purposes 

1. The illumination of yard thoroughfares, approaches and passage- 
ways, 

2. The identification and handling of materials stored out-of-doors, 

3. The protection of buildings and materials against incendiarism, 
explosion, sabotage and theft; 

4. The guarding of the plant boundaries to prevent the entrance of 
unauthorized persons 

Safety demands that any area which an employee is required to 
traverse after dark be lighted adequately. Owing to insufficient 
attention to these spaces in the past, the accident toll has been exceed- 
ingly high as compared with other parts of the plant used for correspond- 
ing periods The requirements are more severe than in the usual street 
lighting, inasmuch as in emergmg from a brightly hghted building or 
passing to another the eye does not quickly accommodate itself to 
function readily under the greatly diminished intensity. 
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To facilitate the handling of matenal m a yard with safety and 
expedition, the matter of shadows must receive careful attention; where 
matenal is stored in high piles, satisfactory lightmg becomes difficult. 
The illuminants should, therefore, be mounted high or a number em- 
ployed to light a given space from several directions. When night work 
is earned on regularly in the yard over a considerable period, the in- 
tensity of illumination should be as high as for similar operations in 
intenors. Where the light is required only occasionally, a lower stand- 
ard will suffice. 

The electrical energy required with modem incandescent lampi 
eqmpments for ggperal iUiunmation of yards is of the order of 0,02 td 
0 1 watt per square foot. 

Types of equipment which find application in exterior lighting about 
an industrial plant are the following. 

Dome-type enameled-steel refiectors; 

Radially-fluted type enameled-steel reflectors; 

Prismatic refractor fixtures; 

Angle-type enameled-steel reflectors; 

Floodlighting projectors 

In selecting any of the equipments for outdoor service, one should be 
careful to secure well-constructed, weather-proof fixtures. 

The dome-type reflectors are suited for use on brackets or mast- 
arms attached to buildings or poles distributed through the yard. 
Except m the case of units .of 100 watts or less, which Eoay be installed 
as low as 15 feet above the ground, the mounting height should be not 
less than 18 feet. Higher suspension will further improve conditions 
for vision. A degree of uniformity satisfactory for general yard or 
roadway illumination will be secured if the spacmg between the dome 
units does not exceed four times their mounting height. 

Because of the wide distribution from the dome radially-fluted 
reflector, such units may be mounted at spacings up to six times the 
height of the lamps above the ground. The lamp filament is, of course, ^ 
not shielded from the eye with these reflectors and it is, therefore, par- 
ticularly important that even the small sizes of lamps be mounted not 
less than 15 feet above the ground, and that the height of sizes above 
100 watts be 20 feet or more Radially-fluted reflectors are available 
without the central dome part; their use in this form is not to be recom- 
mended, however, because the lamp filament must necessarily be placed 
at a considerably greater distance below the fluted reflectmg surface, 
and the hght, therefore, less effectively redirected. The dome radially- 
fluted units are, in general, also to be preferred to the flat-cone or 
concentrically-fluted reflectors. 
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I The prismatic refractor fixture as used in street lighting gives the 
Iwidest distribution of hght of any of the equipments for exterior use, 
and at the same time protects the eye from glare better than does the 
jradial wave umt. The angle at which the maximum candlepower is 
directed depends upon the position of the filament and hence of the fix- 
ture socket with reference to the refractor For yards, the fixtures 
should be ordered with the socket m a position such that the maximum 
candlepower will be delivered at least 15 degrees below the horizontal. 
The intensity near the horizontal is then greatly reduced and the result- 
^ ing glare is not excessive. Refractor units should be mounted 20 feet or 
I more above the ground and spaced not more than eight times their 
' height. Typical fixtures deKver from 60 to 70 per cent of the light be- 
low the horizontal. They are available in a variety of substantial 
forms. 

The angle-type of enameled-steel reflector may sometimes be used 
with advantage for spaces between buildings too wide to be lighted 
adequately from dome refiectors on brackets at the structures, or for 
^i)pen spaces before buildings where it is necessary to avoid setting poles. 

1 /Such units should, m general, be mounted 25 feet or more above the 
'ground, and the spacmg between umts on a building face should be 
within two to three times their mounting height. Angle reflectors 
deliver from 60 to 65 per cent of the light from the lamp below the 
horizontal. 

The four types of equipment discussed above must be distributed 
at moderate spaciogs on supports relatively near the area to be illumi- 
nated. This distribution of umts results in the marked advantage that 
at a given point light is usually received from several lamps and from 
different angles, thus obviating dangerous shadows and Tninimizing 
the effect of the outage of an mdividual lamp. The equipments are 
efficient and their cost is relatively low. To mount the fixtures, how- 
ever, it is sometimes necessary to erect additional poles or other supports 
and to extend the lighting circmts. 

I With flood-hghtiag projectors, on the other hand, the hght is confined 
I within relatively narrow angles. The reciting beams are of high 
^candlepower, ranging from 5000 to 300,000, and the hght may be 
projected to a given area at a distance. Equipments may be mounted 
at a few favorable points, often on existing circmts. Thus the cost of 
additional poles and wiring may sometimes be saved, but this advantage 
is usuaUy more than offset by the relatively high cost of the projectors 
themselves and the somewhat lower utOization of hght flux. Flood- 
lamps are particularly valuable for providing hght quickly in an emer- 
gency, for supplementmg regular syTstems and temporarily reinforcing 
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the intensity at certain points They fill a great need in illuminat- 
ing construction work and other locations in or near which no wirmgi 
can be carried or no supports placed for the other types of lightmgj 
fixtures. 

For general apphcation about an industnal plant, units of medium 
beam spread, from 15 to 30 degrees, are most often suitable. The 
desirable beam spread under given conditions obviously depends upon 
the area to be illuminated and the distance of the projector from this 
surface. Flood-lightmg from one direction only should, if possible, be 
avoided when there are any materials or obstructions to cast shadows, 
for these will of necessity be long, sharp and dark. However, if flood- 
lighting lamps can be mounted on two or more sides of a space, excellent 
illumination will frequently result. In general, the units should bel 
mounted on buildings, platforms or bracket arms at least 30 feet above 
the ground A mountmg height of 40, 50 or even 60 feet is usually 
much to be preferred High-candlepower narrow-angle flood-lamps on 
buildmg roofs or elevated platforms are valuable m hghting long ap- 
proaches to a plant or in sweepmg open fields and waterfronts about a 
property. 

Power circuits in industrial plants are often of the 230-volt class for 
greatest economy. This voltage is, however, much less efiScient for 
lighting than is service of the 116-volt class. The light output with , 
the lower voltage is, in the case of mcandescent lamps, from 15 to 20 
per cent greater for a given wattage and the cost of the lamps is maten- 
ally leas It will be found, moreover, that the service rendered by the ^ 
higher voltage sources is somewhat inferior However, it is not m 
general desirable to bum two lamps m senes. The failure of one of 
them involves the outage of both, an old and a new lamp will not be 
bund to give satisfactory performance when operated in senes. In’ 
practically all cases it will be found more economical to install balancer 
3oils or extra transformers if the service be alternating current, or a 
motor-generator balancer set if the service be direct current, m order to 
Dbtain the lower hghting voltage. In all cases the hghting circmts, 
should be separate from the power circuits, both because of the greater 
voltage fluctuation on the latter and the undesirability of having the i 
lighting system out when troubles occur on the power Imes. 


COLLATERAL READING 
See end of Chapter XII 
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SIGN AND DISPLAY LIGHTING 

[H H Maqdsick] 

An illuminated sign, like any other form of advertising, must have 
two characteristics Firsts attracting power, or the ability to gain 
attention; second j selhng power, or the abihty to impress a message and 
make it endure In the majority of displays, a third essential is legi- 
bihty, or the property of showing word or picture in well-defined, 
clean-cut lines 

Brightness and motion are two of the major characteristics of sign 
lighting by which the designer obtains attracting and selhng power. 
Origmahty, beauty and color are tools which the designer uses according 
to his ability and the extent of the funds available. The picture, 
border, size and position of the sign are factors which bear tremendously 
on the effectiveness of the display. 

The principal forms of illuminated advertising are 

1. Electric Signs: 

a Exposed-light Construction, b. Encloscd-light Construction. 

2. Illuminated Boards* 

a. Bulletins, b Posters 

3. Binldmg Displays. 

a. Exposed Lights, b Enclosed Lights, c. Flood Lights. 

4. Carnival Lightmg 

5 Indoor Signs. 

Exposed-light Signs. — At the present time incandescent lamps of 
all sizes from 10 to 150 watts are used for exposed-lamp displays. The 
proper lamp m any display depends upon the following factors* The 
shortest distance from the sign to the people to whom it is to make its 
app>eal; the circulation, or the number of people who pass through the 
sphere of influence of the sign, and the surroundmgs and competing 
brightness. Brightly lighted districts require brighter signs. 

These relationships are shown in Table L. 

The pattern of an exposed-light display is made up of individual 
spots of light which correspond to the various incandescent filaments 
or jets of gasUght For careful design, and especially when the pattern 
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TABLE L 

Selection op the Proper Incandescent Electric Lamp for Sign and 
Displat LiGHnNQ 

For Districts of High Ciroulation 

Surrounding Illummation 

Dark Medium Bright 


Small exposed- 
lamp signs, 25 
ft or less from 
ground 

10-watt 

clear 

bulb 

25-watt 

diffusing 

bulb 

III 

60-watt 

white 

bulb 

Exposed-lamp 

10-watt 

25-watt 

26-watt 

26-wntt 

60-watt 

60-watt 

signs 25 to 76 

clear 

diffusing 

blue 

clear 

daylight 

clear 

ft from ground 

bulb 

bulb 

irign bulb 

bulb 

bulb 

bulb 

Large or roof 

10-watt 

25-watt 

25-watt 60-watt 

60-watt 

76-watt 

76- watt 

exposed-lamp 

clear 

blue 

clear dayhght 

clear 

daylight 

clear 

signs, 75 ft or 
higher 

bulb 

sign bulb 

bulb bulb 

bulb 

bulb 

bulb 


Enolosed-lamp 

26-watt 26-watt 

60-watt 60-watt 

76-watt 75-watt 

signs 

blue sign 

clear 

daylight clear 

dayhght clear 


bulb 

bulb 

bulb bulb 

bulb 

bulb 

Marquees 

25-watt 

60-watt 60-watt 

76-watt 


diffusing bulb 

diffusing bulb white bulb 

white bulb 


25-watt 26-watt 26-watt 

60-watt 60-watt 

60-watt 

60-watt 76-watt 

Building-out- 

diffusing blue 

clear 

diffusing blue 

daylight 

white white, 

line lighting 

bulb sign 

bulb 

bulb sign 

bulb 

bulb bulb 


bulb 


bulb 





For Distnots of Low Circulation 


Small exposed- 

6-watt 


10-watt 


26-watt 

lamp signs, 26 

clear 


clear 


diffusing 

ft or less from 

bulb 


bulb 


bulb 

ground 






Exposed-lamp 

5-watt 

10- watt 

26-watt 

26-watt 

25-watt 

signs 25 to 76 

olear 

clear 

diffusing 

blue sign 

clear 

ft from 

bulb 

bulb 

bulb 

bulb 

bulb 

ground 






T^rge or roof 

10- watt 

26- watt 

25-watt 

60-watt 

60-watt 

exposed-Iomp 

clear 

blue sign 

clear 

dayhght 

clear 

signs, 75 ft 

bulb 

bulb 

bulb 

bulb 

bulb 

or higher 






Enclosed-lamp 

26-watt 

26-watt 60-watt 

50-watt 

signs 

blue sign bulb 

clear bulb daylight bulb 

olear bulb 

Marquees 

26-watt 


60-watt 


60-watt 


diffusing bulb 

diffusing bulb 

white bulb 

Building-oul^ 

10-wutt 

26-watt 

26-watt 

26- watt 

60- watt 

line lighting 

clear 

diffusing 

blue sign 

clear 

diffusing 


bulb 

bulb 

bulb 

bulb 

bulb 
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includes a picture or any departure from rectilinear letters, it is essential 
that the designer know the size of the spots of hght The size of a spot 
of hght from an exposed hght source of any kind depends principally 
upon the candlepower in the direction of the observer, the distance to 
the observer, and the total hght in the field of vision and the concen- 
tration of hght near the lamp imder observation, called background 
brightness 

This relationship m the form of an equation is as follows 




D 

AB + 0,0083 D 


+ 0.0035 D 


in which S is the diameter of the spot of hght in inches, D is the distance 

TABLE LI 

Backgbotjnd Bbightnbss Factohs (AB) 


Values ot A X B 


Lamp ai2e, 
watts, 
clear coil 
filament 


10 


Sue of 


15 


25 


60 


76 


100 


sign, 

total 

When the general surrounding illumination is 

lamps 





Dark 

Medium 

Bright 

100 

125 

260 

400 

600 

175 

340 

600 

1000 

225 

410 

600 

2000 

275 

490 

700 

100 

no 

230 

350 

500 

160 

310 

460 

1000 

210 

380 

660 

2000 

260 

450 

650 

100 

90 

210 

326 

600 

140 

280 

420 

1000 

175 

340 

510 

2000 

225 

420 

600 

100 

70 

170 

275 

600 

115 

230 

350 

1000 

160 

290 

426 

2000 

200 

350 

600 

100 

60 

140 

226 

600 

90 

190 

285 

1000 

120 

230 

345 

2000 

160 

280 

400 

100 

60 

125 

200 

600 

75 

160 

250 

1000 

100 

200 

300 

2000 

125 

240 

360 
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in feet from the lamp to the observer, A and B are constants which 
depend upon the candlepower of the light source in the direction of the 
observer and upon all other hght in the field of vision and its angular 
relationship to the light under observation. 

Although the factors which make up the constants, A and H, may be 
determined experimentally, for practical purposes it is mifficiently exact 
to take these as determined for specific mstallations as indicated in 
Table LI. 

The values of S may be determined from the equation or more readily 
from Table LII. 


TABLE LII 

Values of Apparent '' Spot op Light ” Diameters ** iSf ” in Inches 


» Distance 
in feet 

s 

S 

T 

S 

11 

S 

CO 

D 

! 

oq 

ft) 

A 

g 

200 

4 6 

2 7 

1 7 

1 4 

1 2 

1 1 

1 0 

0 99 

400 

8 9 

5 3 

3 4 

2 7 

2 4 

2 2 

2 1 

2 0 

600 

13 1 

7 8 

6 0 

4 1 

3 6 

3 3 

3 1 

3 0 

800 

17 0 

10 1 

6 7 

5 6 

4 8 

4 4 

4 1 

3 9 

1,000 

20 7 

13 0 

8 3 

6 8 

6 0 

5 6 

5 2 

4 9 

2,000 

37 0 

24 0 

16 0 

13 0 

12 0 

11 0 

10 0 

9 8 

6,000 

72 0 

63 0 

38 0 

32 0 

28 0 

27 0 

26 0 

24 0 

10,000 

110 0 

90 0 

70 0 

61 0 

66 0 

52 0 

60 0 

48 0 

20,000 

163 0 

145 0 

125 0 

113 0 

106 0 

100 0 

96 0 

93 0 


In laying out a pattern in which exposed light sources are used, the 
designer must know first what the width of the stroke or hne of light 
is going to be. This, being made up of the individual spots of light, is 
equal in width to the diameter of the spots. If he is desigmng for 
legibility or clearness of pattern at a given distance, he may determine 
his stroke width from the table. The distance which he uses is the 
maximum distance at which the display must be effective. In order 
that the appearance may be equally satisfactory at the shortest distance 
at which the display is ordmarily observed, it is necessary for the 
designer to keep the distance between lamps sufficiently small to make 
the hne of light at this minimum distance continuous or approximately 
so The lamp spacing should, therefore, be made equal to, or not much 
greater than, the spot diameter as calculated for the shorter distance 
When the pattern consists of rectilinear letters, it is not necessary 
for the designer to lay it out in spots, and a modification of the spot-size 
equation may be used for this purpose as follows 


2D« 

AB 0 0083 


+ 0.014 


H = 3W + 



406 


INDUSTRIAL LIGHTING 


in which H is the height in inches measured on the center lines of the 
outside rows of lamps as shown in Fig 122, W is the width of the letter 
stroke in inches, also measured on the center lines of the outside rows of 
lamps, and m the case of a single hne of lamps is equal to zero; is 
the greatest distance at which the letter E must be legible, A and B are 
lamp and background constants and may be taken from Table LI; R 
is equal to a separation which, at the distance 2)« subtends an 



Fig. 122 The legibility equation is based upon a rectilinear letter “E,” whose 
dimensions are as shown When a single line of lamps la used, W = 0 

angle of one minute of arc at the observer's eye, the shortest dis- 
tance of separation between two objects which can be seen by an 
average eye. 

The relative legibility of other rectilinear letters of the same general 
proportions is shown in Table LIII. The reqmred dimensions for any 
letter which is to be legible at a specific distance are, of course, equal to 
H as found in the equation divided by the relative legibihty factor for 
the specific letter. 
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TABLE LIII 



KBLATIVm LffiGIBILrrT OF 

Lbtttebs 


A 

1 30 F 

0 92 0 

1 06 V 

1 08 

B 

0 86 J 

1 41 P . . 

1 04 W 

1 13 

C . 

1 07 J 

. 1 21 Q . . 

1 06 X 

1 08 

D 

1 03 K 

1 06 R 

0 97 K . 

1 04 

E 

1 00 L 

1 19 S 

0 96 Z , 

1 01 

F 

1 04 M 

1 13 T . 

1 16 


G 

0 92 iV . 

1 00 17 . 

1 07 



For easy legibility, the dimensions for all letters should be made twice 
the size determined by the equation and table for the letter which is 
most difficult to read. This is, of course, the letter with the smallest 
legibility factor. 

Light Motion in Exposed Signs. — Motion is one of the most effective 
tools the designer can use in planning a display. Four principal forms 
of motion are widely employed. Flashing, dimmmg, running or travel- 
ing motions, and picture motions (motions which imitate the movement 
of actual objects) 

In exposed electric lamp signs, practically all motion is obtained by 
connecting and disconnectmg lamps in rapid sequence In order to 
effect the rapid change of connections “ flashers ” are used. These are 
either motor-dnven or are thermostatic. 

Thermostatic flashers are usually made for one or two lamps only and 
aore, therefore, used chiefly for indoor and very small signs For aU 
ordinary outdoor display flashmg, the motor-driven, rotating-segment 
type of flasher is used. When more than 16 amperes must be broken, 
the rotating segment and brush control an extra circuit, which m its 
turn controls a magnetic breaker for the heavy current 

To obtam the effect of a runmng border or a travehng motion, the 
entire pattern is burned contmuously with every third or fourth lamp 
out The pattern is m Hght, and the motion consists of series of black 
spots or gaps which move along the path of hght. The effect of direc- 
tion IS lost if every other lamp is burned and the pattern itself is lost if 
all except the travehng parts are left dark. 

In gas signs, which consist of piping in which a senes of holes has been 
drilled for small jets of gas flame, the wmd repeatedly blows sections of 
the sign out The extmguished hghts are immediately ignited agam 
by other sections or by the protected pilot hght, and this causes irregu- 
lar runnmg motions which are quite distinctive 

For picture motions there are three essentials, of which the first is 
clearness or legibihty m each separate view. This may be assured by 
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designing these views as separate signs Second, a suJQ&cient number of 
views must be included to define the entire action. Third, the correct 
time relation must be given each of the various views If the picture 
shows a swing, five views are probably necessary and the law of the 
pendulum should be used for locatmg the positions at equal intervals 
of time. If the picture shows a fountain or sky rocket, the position of 
the lamps should be properly spaced for equal mtervals of tune accordmg 
to the laws of falling bodies 

Enclosed-lamp Signs. — It is not possible to space exposed lamps 
closely enough to form a continuous line of light at the shortest distance 
at which small signs are seen. Therefore, m order to avoid the spotted 
appearance of such signs, many advertisers prefer the smoother though 
less bright effect obtamed with translucent glass letters illuminated from 
a hidden light source. A 6-mch spacing from lamp to lamp and a 3-mch 
spacing from lamp to projected edge of pattern will prove satisfactory 
in signs of ordinary construction, provided the intenor surfaces are 
finished in white 

Bulletin and Poster Boards. — A sharp distmction is drawn between 
bulletin and poster boards. Bulletm boards are those on which the 
pattern is pamted. These range m size from a few mches to a hundred 
feet or more. Poster boards are those upon which hthographed posters 



123 Simple Method of In- 
stallmg Poroelaiii Enameled An- 
gle Reflectors 


of a standard 25- by 10-foot size are 
pasted. Poster advertismg has become 
so highly orgamzed that it is possible 
to treat it as a smgle, unvarying ex- 
ample of standardized practice in so 
far as lUummation goes. 

For satisfactoiy illummation of 
either bulletm or poster boards, the 
followmg conditions must obtam* The 
board must be illuminated to an m- 
tensity sufficient to make it stand out 
strongly in contrast with other objects 
m the same field of vision; it must be 
illuminated uniformly — a certain defi- 
nite variation m illumination must not 
be exceeded, there should be, if pos- 
sible, no glare spots, the hghting units 
should be as inconspicuous as possible. 

There are two pnncipal methods of 


llumination of bulletm andposter boards In one method the lightmg 


inits, usually employmg porcelam-enameled angle reflectors, are 
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mounted above and in front of the display at the end of conduit arms, 
as indicated in Fig. 123. In the other, the hght may be projected from 


TABLE LIV 

SPECmCATIONS FOE BILLBOARD ILLUMINATION BT ELECTRIC 

Incandescent 

Hoigb4yof 

Board, 

Mounting 

placing, 

Lamps 

Dimensions of Lighting Units 
Distance Out, DistanoaAbove 

Size of Lamp, 
Watts 

Average Illumi- 
nation, Foot- 

Feet 

Feet 

Feet Feet 

candles 


3^ .. 

5 

4 

1 

60- 75- 100 

5- 9-13 

6-8 

6 

6 

1 

75-100- 160 

6- 9-16 

9-12 

6i 

7 

1 

160-200- 300 

7-10-16 

13-17 

9 

8 

H 

200-300- 600 

7-11-20 

18-21 

12 

11 

2 

300-500- 760 

6-10-16 

22-26 

10 

15 

2 

500-760-1000 

7-11-16 

25 

20 

18 

2 

760-1000 

7-10 


TABLE LV 

Standard Poster Illumination bt Electric Incandescent Lamps 
Recommended lamp sizes for the illumination of standard poster boards (11 X 
ft ) using three reflectors spaced 5 feet out from top of board and 7 feet 
a.part 


d 

I 



For Districts of High 

For Difltncts of Low 


Circulation 

Ciroulation 


160-watt 

100-watt 

Dark 

gas-filled 

gas-filled 


lamp 

lamp 


200-watt 

gas-filled 

lamp 


Medium 

300-watt 

gas-filled 

lamp 

150-watt 

gas-filled 

lamp 


600-watt 

200-watt 

Bright 

gas-filled 

gas-filled 


lamp 

lamp 


When daylight lamps are used, the next larger size is recommended 
For posters which are exceptionally dark and in whioh the contrasts m the 
attern are not pionounced, a lamp of the next larger size is recommended 
In exceptionally dark places, as, for example, along suburban or rural un- 
ghted highways, the next smaller lamp is recommended 
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flood-light projectors, usually from below and at one or both sides of the 
display. 

The desirable average intensity for either method is mdicated in 
Tables LIV and LV. 

Sign Maintenance. — In general, better advertising value, over a 
period of a year or more, wiU be obtamed from a small sign which is 
washed and cleaned just as often as the show window is washed, and 
which is pamted and has a change of lamps three or four times a year 
than win be obtamed from a sign which is twice as large but which is 
egleeted until it is dirty and 6 or 10 per cent of the lamps are burned out. 


Building Displays 

Exposed hghtmg, enclosed lighting and flood-lighting are all used for 
buildmg displays. The form best suited to, and most desirable for, 
a particular buildmg depends chiefly upon the following factors • whether 
the display is planned for a buildmg which is to be erected or a building 
which is already completed, the architectural beauty of the building- 
the desired effect — whether sensational or dignified. 

The most desirable display cannot always be installed upon a building 
which has already been erected It is best, when possible, to determine 
^e form of display to be used at the time the building plans are being 
*awn up. With the cooperation of the architect, it can be done at 
tto time m such a way that the lighting effect will be in perfect harmony 
with the architecture; the greatest possible choice m the typo and form 
of display is available; the lamps may be located so as to make main- 
tenance and cleanmg easy and mexpensive, and the daytime appearance 
can be made as satisfactoiy as that of mght 

• I^ps. — Exposed lamp construction for buildmg displays 

IS used in tinee forms -cornice hghtmg, building-front ligliting, 
doorway-Mch_ hghtmg and marquee lightmg The competing bright 
n^ and Ay irculation at Ae location determme the brightness require- 

prove more effective than dear-bulb 
lamps m displa}^ which are seen at short distances. The proper lamn 
for any specific location is Aown in Table L P P P 

fo™ nf requiremente for proper illumination of Ais 

W of display are the same as Aose for simfiar construction in signT 
The lamps must be spaced so as to obtain satisfactory evenness of 
dtaahon, and Aere must be Ught enough to make Ae panels ap^a^ 
bright as compared with surroundmg Jlumination. Buildings in^l^a- 
tions servmg a large number of people should have brighte? 
than those which are seen by fewer people. ^ ^ 

Flood.Iighting.-The architecture of Ae buildmg itself demands 
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careful consideration Very excellent effects are obtained by floe 
lighting certain buildings, statues, etc. The same treatment in anotl 
case may fail dismally. This is often because, in the first mstan- 
there is architectural beauty, which, when illuminated, stands o 
strikingly against the black night sky, and which is doubly beautiJ 
because of the deep shadows; while, in the second case, the building m 
have been so plam and formless as to have little attracting power 
itself. Flood-hghtmg lUuimnation m such a case merely emphasis 
the plainness. It is also impossible by flood-hghtmg methods to obts 
a brightness great enough to make an entire buildmg stand out sharp 
and effectively when it is surrounded by a great deal of hght or locat 
in a brightly hghted city square. For such situations, the illuminate 
panel or exposed-lamp construction is preferable The enclosed-lan 
panel construction is, moreover, a very excellent solution of the proble 
of building decoration where an exposed-lamp decoration is consider* 
too gansh or where high surroundmg illumination or the buildmg's la* 
of architectural beauty makes flood-hghtmg ineffective. It is, howev^ 
practically impossible to add the enclosed-lamp panel decoration to f 
existmg buildmg; it must be built in and made a part of the origin 
construction. The panels may be made of glass, the color and textu 
of which so nearly matches the building facmg as to be unnoticed I 
day. 

The application of flood-hghtmg is not limited to the display lightii 
of buildmgs, monuments, etc. It extends also, in many cases, t 
industry. The time required for outdoor construction work may I 
considerably reduced by a flood-lighting system which will permit woi 
to be continued throughout the mght; the flood-hghtmg of railroa 
yards, docks, wharves and the yards of industrial plants permits mgl 
work to be done efficiently and with increased safety Another appl 
cation is found in the lightmg of traffic mtersections to facihtate tl 
movement of vehicles and pedestrians and to promote safety. Tt 
illumination of large outdoor spaces devoted to pageants or sport 
mcludmg bathing beaches, drill grounds and open-air theaters, is bein 
most satisfactorily accomphshed by flood-lightmg BuUetm boarc 
and painted signs located high up on water towers or chimneys ai 
examples of the apphcation of flood-hghtmg to electrical advertising. 

The design of a flood-hghting mstallation is governed by the purpos 
which the illummation is to accomplish. In the case of a bulleti 
board or a sign, it should be the aim to provide a umform illummatio 
over the entire surface of the display. In outdoor construction wori 
railway and industrial yards, it is of great importance that long, heav 
shadows be avoided. In the flood-hghting of buildmgs and monument£ 
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uniform, shadowless lighting often defeats the purpose of the installation. 
Here shadows are essential to relief, and variations in intensity in the 
direction of the light or in color may be used with great effect to em- 
phasize the important details and to suppress others Extreme care 
must be exercised, however, to avoid the formation of shadows which 
distort the appearance of the structure and produce a grotesque result. 

Flood-lighting Equipment. — Since a specularly reflecting surface is 
necessary m order to direct the hght into a relatively narrow beam, 



Fig 124 Typical Floodhghting Reflector Contours 
A and B, for use with ordinary multiple gas-filled tungsten lamps, give moderate 
and wide spread of beam. 

C, D, and E are for use with gas-fiUed tungsten floodlighting lamps 
C — Shallow parabola, narrow spread of beam 

D, E — Deep reflectors, moderate spread of beam. 

such as is desired for flood-hghtmg, polished metal or mirrored glass 
reflectors must be employed m such equipments Because of their 
high initial reflection-factors and maintenance of efficiency m service, 
the mirrored glass uoits have been widely adopted 
The equipments available may be divided into two general classes: 
those which in vanous sizes employ 100- to 1000-watt gas-filled tung- 
sten lamps of the regular construction; and those which are designed for 
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use with flood-lighting lamps, having specially concentrated filaments, 
of the 250- or 500-watt snaes The smaller hght source of the latter 
penmts more accurate control of the beam 
A factor in design is limitation due to position. With the ordmary 
multiple-lamp equipments, the minimum spread of beam is about 15 
degrees and the maximum about 50 degrees. With a given contour of 
reflector, some vanation m the spread of beam is obtamed by moving 
the lamp filament backward or forward along the axis of the reflector. 
The maximum spread so obtainable is usually less than twice the mini- 
mum angle of divergence. 

The percentage of the hght from the lamp directed into the beam 
depends primarily upon the amount mtercepted by the reflector and 
also upon the contour of its surface. The equipments available direct 
from 20 to 50 per cent of the hght mto the beam. For all ordinary 
multiple-lamp equipments, however, and for the flood-hghtmg lamp 
projectors of medium and wide beams, an output of 40 to 50 per cent 
may be obtamed with reflectors of proper design (See Fig. 124.) 

Flood-lighting Design Data. — Four factors must be considered in the 
design of a flood-hghting installation. These are location of equipment, 
choice of equipment, illumination desired, size and number of umts 
Location of Equipment. — In many cases, as in the lighting of monu- 
ments, the necessity of locatmg the lightmg units where they wiU be 
mconspicuous frequently leaves httle choice of position. Advantage 
may be taken of neighboring buildmgs or trees, of columns, porches and 
ledges on the structure itself, and of other possibihties which suggest 
themselves in each particular problem. Similar locations may be used 
for the hghtmg of bulletin boards and painted signs 

In the lightmg of yards and outdoor construction work, units may 
sometimes be located on surroimdmg buildings, poles or towers; fre- 
quently, however, it will be necessary to erect poles especially for the 
umts in order to obtain locations which will allow hght to be dehvered 
from sufiiciently different angles to destroy dangerous shadows. In 
order to avoid serious glare from the umts, the projectors should be 
mounted high, at least 30 feet above the ground. Mountmg heights of 
40, 50 or even 60 feet are usually to be preferred. 

Choice of Equipment. — The choice of equipment is largely deter- 
mined by the dimensions of the area to be hghted and by the location of 
the equipment with respect to the area Frequently, two or more forms 
of equipment can be used advantageously for a smgle installation. 

The beam of hght from a projector is conical in form, and hence, when 
striking a surface perpendicular to its axis, illuminates a circular area. 
If the beam strikes a surface at an angle, the resultant spot of hght is, 
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of course^ elliptical in form. By overlapping the beams, it is possible 
to obtain an approximately uniform lUummation and avoid stnations 
or images of the filament projected by the specularly reflectmg surface 
of the reflector. Ribbed or fluted cover glasses, by which the spread 
of the beam may be greatly extended m one direction, are now 
available. 

Illumination Desired. — In determining the desirable amount of 
illumination for the specific mstaUation under consideration, it is neces- 
sary to take into account such factors as the color of the surface to be 
hghted or the nature of the work to be performed, the bnghtness of 
surroimdings, and, m the case of advertismg displays, the attracting 
power of high illununation There is seldom danger of overhghting 
if the installation is properly made On the other hand, it should be 
recognized that to make a structure stand out m the nudst of bright 
surroundings, light must be projected m quantity — hterally layer upon 
layer, halfway measures have no place in floodhghtmg for artistic 

TABLE LVT 

Foot-candles and Watts per Square Foot Required with Standard 
Equipment and Under Average Conditions 


Poorly niummated Brightly llluzniziated 

Surroundings Surroundings 

Subject to be Illuminated 



Fc 

Watts per Sq Ft 

Fo 

Watts per Sq Ft 

Buildings and monuments 

White or cream 

2-4 

0 60-1 00 

3-6 

0 76-1 50 

Light yellow and buff 

a-6 

0 75-1 60 

6-12 

1 60-3 00 

Medium buff 

6-12 

1 50-3 00 

10-20 

2 6(K5 00 

Billboards and painted signs 

6-15 

1 2&-3 75 

lCh30 

2 50-7 60 



Fo 

Watts per Sq Ft 

Bathing beaches 

0 2&-2 

0 06-0 6 

Buildings 



Construction 

2-4 

0 6 -1 00 

Excavation 

0 5-2 

0 10-0 60 

Docks, wharves and bridges 

1-3 

0 25-0 75 

Drill grounds 

0 5-3 

0 10-0 75 

Outdoor athletics Football practice, etc 

2-6 

0 50-1 50 

Outdoor stage 

2-4 

0 50-1 00 

Playgrounds 

1-3 

0 25-0 76 

Yards for mills, factories and railroads 

0 26-1 

0 05-0 25 


effect. The ideal subject for floodlighting is a single feature of great 
beauty in an isolated spot. 
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Size and Number of Units. — There are two simple methods of deter- 
miniri g the Size and number of umts required. The first, a rough but 
usually satisfactory method, is based upon successful practice in the 
past. The values given m Table LVI may be used directly to deter- 
tnme the total number of watts required for any surface under any 
particular condition. The second method is somewhat more accurate 
and shoidd be applied where the conditions are unusual. It is based 
upon the desirable illumination, i e , the flux-of-light method. For 
this, the foot-candle values given in Table LVI may be used 
In either method there are several general points to be remembered. 
A dark object is always extremely dfficult to illuminate, regardless of 
the quantity of hght provided. Table LVI shows that light yeUow or 
buff objects require twice the illumination necessary for white objects, 
while a medium buff requires three times as much. An equally impor- 
tant consideration is the brightness of the surroundings. A building 
in a poorly hghted section would require only a fraction of the wattage 
per square foot, to produce the same effect, as an installation in the 
midst of brightly hghted surroundings. 
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CHAPTER XIII 

STREET LIGHTING 

[Ward Harrison] 


Difference between Interior Lighting and Street Lighting. — The 
design of a street-lighting system, at the present time, has little 

in common with intenor-hghting prac- 
tice. The intensities which here pre- 1 
vail are of a decidedly lower order of| 
magmtude, variations of illumination, 
on the street surface, in the ratio of 
100 to 1, are the general rule, and 
even the types of lamps used and the 
methods of supplying them with en- 
ergy are radically different from those 
used m mterior lightmg. The expla- 
nation of this situation lies in the fact i 
that in street hghting the areas to be 
covered are vast and the funds usually 
considered available for the purpose 
pitifuUy small. A single office space 
of 50 by 100 feet wiU frequently be sup- 
phed with more lamps and a greater 
wattage than 3 or 4 miles of principal 
thoroughfare m the same city 
For many years, then, the task of 
the street-lighting expert has been 
principally that of so distributing an 
insufficient amount of light as to pro- 
duce the greatest practicable effect. 
^ An exception to this rule is found in 
i the best busmess distncts, where 
I high-mtensity, or white-way,'' light- 

-nL. T . . ^ , ing is properly considered as an ex- 

Fiq. 125 Lantern-type Unit for xu x 

Omajnentallaghtmg penditure for advertising to be met 

either by the city itself or by the local 
merchants. Ordinarily, however, this high-mtensity system covers but 
a small fraction of the total street mileage of a city. 
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For omaraental systems, standards should usually be spaced froiUj 
65 to 100 feet apart, opposite each other on both sides of the street,/ 
and the light source should be at least 12 feet, preferably 15 feet or! 
more, above the pavement. For this service, smgle-light standards, f 
of which Fig. 125 is an example, are far more efficient than cluster 
lights, as well as more pleasing m appearance. Either high-candle- 
power magnetite arc lamps or tungsten lamps may be used. 

Requirements for Small Cities and Towns. — Before street lighting 
can be inteUigently planned, it is necessary to have a clear idea of what 
is to be accomplished by it. While the general objects can be stated 
in a few words, an analysis of these objects soon leads to a rather com- 
plicated situation which can be only briefly reviewed here 

Stated m very general and popular terms, the reasons for lighting 
streets can be summed up as follows 

1. In aU classes of streets, the least that can be expected of the 
lighting is that it will enable a person to see his way about at night. 

2. On some classes of streets the production of an especially well- 
lighted effect, either on account of congested traffic or because of the 
ornamental and advertising features, is desired in addition to the first 
object named. 

On a large majority of streets, lightmg for purposes of seeing is all 
that is desired Even on such streets, however, there will naturally ' 
be some difference in the severity of the requirements. The more 
traffic on a street the greater is the amount of outlay justified for street 
hghting and the greater is the necessity for safeguarding users of the 
street from collisions and attack 

Much might be said of the thmgs it is especially necessary to see on 
a street at mght m order to see one's way about, but to mention a few 
of the principal ones will suffice. For both pedestrians and drivers, 
irregularities and obstructions of the street surface must be seen. 
Likewise, other persons using the street must be seen, in order to avoid 
collision The value of street hghting in preventing crime is probably 
about m proportion to the quantity of such hghting. On some very 
badly hghted streets it is of httle value, while on the most brightly 
hghted downtown streets conditions as to crime prevention are virtually 
equivalent to dayhght. 

Technically, the object of street hghtmg is to produce a certain 
amount of brightness on street surfaces and upon users of the street. 
In the daytime there is such a superabundance of hght that the distri- 
bution of bnghtness on street surfaces and various objects need not be 
analyzed very closely, but where the amount of artificial light must be 
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as meager as it is in a majority of streets in small cities, a much closer 
analysis is needed. 

Distinction between Incident Illumination and Surface Brightness. — 

The distinction between the illumination mcident upon a surface (such 
as a pavement, sidewalk, tree, vehicle or person) and the surface 
brightness of such objects must always be kept m mind. It ja bright- 
liees that is seen* in other words, it is brightness that produces the 
effect on the eye The illumination on a surface produces the bright- 
ness that is seen, but it does this only by virtue of the light reflected 
from the surface That is, the brightness is always proportional to the 
incident illumination minus the loss by absorption. Since the reflect- 
ing power of various surfaces differs greatly, their brightness under a 
given illumination differs in like proportion. 

Between a very new macadam or concrete surface and black mud 
there may easily be a difference of ten to one m diffuse reflectmg power 
To produce equal brightness, therefore, the illumination would have 
to be ten times as great on the black mud as on the hght macadam; 
and the unfortunate thing about this is that there is usually less money 
available to illuminate the mud than to lUummate the macadam By 
daylight, a considerable portion of one^s seeing is accomplished by 
virtue of the different color and reflecting power of various surfaces, 
although differences in illumination, commonly known as light and 
shade effects, also have their influence At mght, with street hghting, 
differences in illumination from different directions, causmg hght and 
shade, have a much greater effect. 

I Silhouette Effect. — The importance of these differences was prob- 
ably not realized until it was pointed out that a considerable portion 
of one^s seemg on the streets at night is accomplished by virtue of the 
silhouette effect. That is, one sees many upright objects, such as 
persons and automobiles, at a distance, not so much by the light re- 
flected from them as by the light background agamst which they 
appear as silhouettes This is especially true in large cities where the 
background consists almost entirely of pavement, sidewalks and build- 
mgs, which are better reflectors and consequently appear brighter thafi 
vehicles and persons m dark clothmg. 

On dirt streets or where oihng has rendered the pavement very 
dark m color, the effect is not so pronoimced However, even oiled 
streets, if so well traveled by automobiles as to take on a kind of glint 
or polish, reflect considerable light by specular reflection as distinct 
from diffuse reflection. Specular reflection makes these oil-pohshed 
street surfaces appear quite bright at certam angles. 

If the background is not brighter than the object, the only way to 
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make the object visible is to illuminate it to such a degree of brightness 
that it IS recognized by contrast with the darker background. Some- 
times the same object is seen partly by silhouette and partly by illu- 
mination upon it, as in the case where part of the object is seen agamst 
a bright backgroimd and part against a dark background. The bear- 
mg of these silhouette and illummation effects on the spacing and equip- 
ment of street lamps will be discussed later. 

Road obstructions, such as stones and bricks, for example, may be seen 
either by illummation or silhouette, but are usually recognized fully 
as much by the shadows they cast as by any reflection from their own 
surfaces Holes and depressions in sidewalks and pavements are usually 
also recognized by shadows, except when close under a street lamp. 

Effect of Shadows. — Some elaborate experiments have been made 
to determine the merits of various spacmgs and mounting heights for 
street lamps and of various types of light distribution from the lamp. 
Considerable attention has been given to tests in which a number of 
observers were required to locate obstructions or targets placed in the 
street, as they walked or drove along. The principal result of this in- 
vestigation has been to show that obstructions, such as stones in the 
street, can be better seen with lamps so spaced as to give some shadows 
behind these obstructions than with the lamps placed at such frequent 
intervals and so equipped as to produce a more uniform illumination 
with less pronounced ^adows In all of these experiments, however, 
the lamp spacing was relatively short as compared with common prac- 
tice in smaller cities. As uniformity of illummation is high m first 
cost on account of the large number of lamps and lamp supports re- 
quired per mile of street, there is no great danger that streets will be 
hghted too umformly for best results m the smaller cities, 

“ Seeing by glint effect ” is a term used among engineers to apply 
to effects obtamed when surfaces are wet or when they are highly 
pohshed so that there is specular reflection from small portions of 
them. On rainy nights, glmt from the wet sidewalks and pavements 
takes the place of the partially diffuse reflection ordinarily received. 
Many images are then seen of the street lamp reflected from the wet 
pavement and pools of water Ghnt is also especially useful m loca- 
ting mud-puddles with the aid of rather distant street lamps 

In connection with seeing by silhouette, the value of this effect is in 
many cases greatly increased by the fact that there is just enough 
glint or specular reflection from the paving or sidewalk for the illumina- 
tion at points midway between street lamps to produce much greater 
brightness in the direction of the eye than if the whole of the street 
were a purely diffuse reflectmg surface. 
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Referring to the diagram of Fig 126, / is a street lamp 10 feet above 
the ground and g is the eye of an observer. What is the brightness 
of the street surface at points a and c to the observer? It will be 
assumed first that the street surface is a new, white, dusty macadam 
which approaches a diffuse reflector in its characteristics. Now, a 
diffuse reflector will appear equally bnght from all directions, no matter 
from what direction it is illummated. Consequently, the brightness 
at various points along the street will always be directly proportional 
to the illummation. Thus, at point a, if the lamp is of 100 candle- 
power, the lUummation will be 100 candlepower divided by 100 (the 
square of the distance), or 1 foot-candle. At point c, assuming that 
the lamp emits 100 candlepower m that direction also, and that the 
distance, /, to c is 100 feet, the illummation on the street surface at o 
will be, by the same process of figuring, 0 01 foot-candles multiplied 
by the cosine of the angle thus makmg the actual horizontal illumina- 
tion at c 0.01 foot-candles multiphed by 0 1, or 0 001 foot-candles. 
The illumination and brightness would, therefore, be in the ratio of 1 



at the point a to 0 001 at the point c. Evidently, with an object be- 
tween the eye and pomt c as a background, there could be very little 
silhouette effect, while between the eye and pomt a there would be 
considerable. 

If, however, the street surface is glossed with oil or moisture, the 
character of reflection from it is entirely changed Instead of appearing 
equally bright in aU directions about any given illuminated spot, it will 
appear very much brighter when viewed from an angle equal to the 
angle of incident light. Consider the hght which falls on point c from 
the lamp at / and is reflected to the eye at g If angles d and e were 
equal, and if pomt c were a mirror, the brightness entenng the eye from 
point c would be practically the brightness of the source of light at /. 
If the point c is a piece of glossy, oiled street surface, it will not behave 
exactly hke a mirror, nor will it act as a diffuse reflector, but its action 
will be intermediate between the two. It will appear very much 
brighter when viewed from a direction approximating eg than from other 
angles The point a, on the other hand, wiU appear considerably less 
bright than if it were a diffuse reflector. This tends to counteract the 
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enormous difference in illumination falling upon these two points. 
The practical effect of this, as brought out m various tests, is that, even 
on an asphalt street which does not have the pohsh commonly produced 
by heavy automobile traffic, the brightness varies only in the ratio of 
2.7 to 1 with lamps 260 feet apart, while the horizontal ill umina tion 
varies as 40 to 1. Here again it may be noted that the polishmg of a 
street pavement by heavy traffic of any kind is more conducive to uni- 
formity of brightness, in spite of the non-unifornoity of illumination, 
than are the conditions prevailing in the smaller cities. However, these 
pomts must be recognized in all classes of street-lighting problems. It 
should be remembered in considering the Ulumination and values cited 
m Fig 126 that no allowance is made for any illumination that may be 
obtained on pomt c from another lamp placed at the back of the observer. 

Relative Values of Horizontal and Vertical Illumination. — There has 
always been considerable discussion m street-hghting circles as to the 
relative value of vertical as compared with horizontal illumination for 
street-lighting purposes. It is now generally recognized that both the 
horizontal lUunoination on the street surface and the vertical lUumma- 
tion on vertical objects, such as pedestrians and vehicles, must be taken 
into account. The relative weight given to these two in making up a 
good street-hghting system will depend very much on the character of 
the street surface. The importance of the silhouette effect has already 
been enlarged upon It is evident that, in producing the silhouette 
effect, illumination of the street surface is the important thing. How- 
ever, if the street surface is so dark that it is difficult to get a well- 
illuminated background, one must fall back upon vertical illumination 
of objects It is largely a waste of time to discuss the relative importance 
of vertical and horizontal illummation, because, with any practicable 
mountmg height of lamps, the illumination midway between lamps 
giving vertical lUumination will be approximately a constant ratio to 
the horizontal illumination, and no amount of practicable shifting of 
lamp height and spacing is likely to change this constant enough to 
have much practical bearing on the subject under discussion 

Lamp Spacing. — It has been shown that variations in intensity of 
illumination faUing on the street surface, from points immediately 
under lamps to points midway between them, are necessarily very large, 
even with the most skillful use of appliances for directing the light of 
bhe lamp in directions where it is most needed However, with closer 
spacing and by figuring in the effect of neighboring lamps, these differ- 
3nces are rapidly reduced For brightly hghted city streets, a variation 
3f 10 to 1 between lamps at points on the street surface is not hkely to 
be noted. Where lamps are as closely spaced as on busmess streets, 
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the question of improving the uniformity of illumination does not offer 
itself. This apphes to the common present-day spacmg of ornamental 
systems, which is from 60 feet to 160 feet With special care, this 
distance can be exceeded and stiU produce satisfactory uniformity, 
although the ornamental effect may not be what is desired. In out- 
lying streets, where first cost tempts the designer to space lamps at long 
intervals, the poorly illummated spaces midway between the lamps 
come m for first consideration On such streets, chief mterest centers 
on the points of minimum lUumination between lamps. Anything 
and everything which will brmg up this minimum between lamps is 
desirable if it can be obtained for a reasonable outlay With a given 
lamp equipment, the lUummation midway between lamps will fall off 
approximately mversely as the square of the distance. That is, doublmg 
the distance between lamps reduces the minimum illummation to 
one-fourth. Add to this the fact that the longer the mterval between 
lamps, the less is the amount of brightly Kghted background against 
which things can be seen by silhouette effect, and difficulties are further 
increased. Lamp spacmgs of 600 to 1000 feet, which in years past have 
been so common in smaller cities, are entirely madequate and inefficient. 
Furthermore, under modem conditions they are unnecessary from the 
economy standpomt. 

Avoidance of Glare. — The avoidance of glare has long been recog- 
nized among experts as desirable in street-hghtmg practice, because it 
has been known that the existence of glare from lamps near the Ime of 
vision causes a decrease in the seeing ability of the eye — or, in other 
words, m the visibihty of objects — so that, to all practical mtents and 
purposes, more light is required on objects in order to see them clearly 
han if the source of glare were removed. Quantitative investigations 
lave shown that there is considerable disturbance of vision when a 
Diight lamp is brought withm 15 angular degrees of the center line of 
dsion As the effect of glare mcreases rapidly as the lamp is brought 
learer to the center Ime erf vision, especially within 6 to 8 degrees, there 
3 considerable to be gamed in efficiency of lUummation, as measured 
rom the ocular standpomt, by hangmg the lamp as high, and conse- 
uently as far out of the ordinaty hne of vision, as possible While no 
ery exact figures can be given, it may be said m a general way that 
nnecessaiily low hangmg of lamps may often be the equivalent of 
arowmg away half of the light generated, because of the depressing 
lect on vision of objects which must be seen past a bright street lamp 
he use or non-use of a diffusing globe m a lamp apparently has very 
btle effect on the glare, as the glare effect is dependent upon the candle- 
Dwer. To be more exact, it depends, according to the best information 
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obtainable, upon the square root of the candlepower of the lamp used, 
as emitted in the direction of the eye The only feasible remedy for 
street-lighting glare yet evolved is the increase in mounting height of 
the lamps, and this is well worth while, especially in the range from 10 
feet to 15 feet If the glare effect be taken as 1 at a height of 32 feet, 
it becomes about 1 9 at a height of 22 feet, about 3 at a height of 16 
feet, 4 3 at 15 feet, and 8 4 at 12 feet. 

Interference with street hghting by shade trees is a very live subject 
in the majority of cities, and especially in the smaller cities and towns 
under consideration While the majority of such towns have many 
shade trees, there is considerable difference in the proper method of 
treatment. In some streets the trees are very large and permit of 
trnnrnrng high to prevent interference with hghting In other places 
the trees are of an age at which trimming high enough to prevent inter- 
ference with the hghting is out of the question. Where the trees are 
too small to admit of high trimming, center-lamp suspension wiU usually 
be necessary to prevent undue shadows. In such a street, no locations 
can be found, except m the center, which will not involve considerable 
obstruction of the light by shade trees. On the other hand, where the 
trees are very large, so that they can be trimmed high to form a high 
arch over the street, the principal trouble with shadows is not from the 
boughs and leaves but from the large trunks, which stand in hne along 
the parkway and thus form an effective light barrier for the sidewalk. 
On such streets the location of lamps in hne wath one of the rows of tree 
trunks permits the complete lightmg of the roadway and of the sidewalk 
on the side on which the lamp is located, and causes light to shine 
through the row of trunks on the opposite side of the street at an angle 
sufficiently oblique to permit the location of the sidewalk always to be 
seen. In this way the area of the sidewalk m the shadow is reduced to 

a Tm-rnTmiTTi . 

Importance of the Various Factors. — To sum up, the surface of the 
street and the sidewalk must receive direct illumination, which, with the 
resulting shadows, wuU render irregularities visible Direct light is also 
necessary m order to recognize the features of a passer-by, that is, to 
identify him as a fnend or an enemy. Heavy shadows, on the other 
hand, such as those caused by very thick fohage and tree trunks, tend 
to reduce the efficiency of the illumination, particularly with respect to 
safety from attack. 

Silhouette effect is the greatest aid in discerning large objects on the 
road or on the sidewalk. Glint assists in increasing the apparent 
brilliancy of a specularly reflectmg roadway and also reveals puddles on 
the sidewalk. On the other hand, glare from bnlhant lamps tends to 
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reduce one’s ability to see, or, in other words, the efFectiveneas of illu- 
mination. 

Analysis of Light Sources. — Because of space restrictions, the only 
illuminants which will be discussed in connection with street lighting 
are the gas-filled tungsten lamp and the luminous or magnetic arc 
lamp. The enclosed carbon arc lamp is now virtually a matter of 
history, and the flame carbon arc likewise. Magnetite lamps are avail- 
able in sizes ranging from 300 to 500 watts, approximately 3000 to 9000 
lumens, and series incandescent lamps in all sizes from 600 to 10,000 
lumens. The question of small units closely spaced versus large units 
at greater intervals, is one on which there has been almost endless 
discussion 

Table LVII shows the relative importance of the several factors from 
the standpoint of the pedestrian, the slow-moving vehicle and the 
rapidly moving vehicle. The same table also shows the comparative 
rating of systems of large and small lamps with respect to each of these 
criteria. 

It will be seen that, from the standpoint of the pedestrian and the 
slow-moving vehicle, those qualities possessed m greatest degree by 
an installation of small units closely spaced are in most demand, while 
the requirements of the motorist are more nearly met by the use of 
powerful hght sources at necessarily greater intervals. Residence 
streets are usually frequented more by pedestnans, and the foliage is 
likely to be dense on these streets. They should, therefore, be equipped 
with lamps of small or medium candlepower (250 cp. or less at a spacing 
of not more than 250 feet and at a height of 15 to 18 feet above the 
street). On the other hand, for principal thoroughfares, an average 
spacing distance of 250 to 300 feet should be chosen, and the size of 
lamp should be the largest that the appropnation will cover, up to 
perhaps 1000 candlepower. 

Equipment. — The most effective type of reflectmg equipment for 
either arc or incandescent lamps in street lighting, especially as regards 
the large portion of the city outside of the white- way ” district, 
where questions of economy and efl3.ciency are paramount, has been 
the subject of much controversy There are today four types of re- 
flecting eqmpment in more or less common use for street hghting, and 
similar results as regards hght distribution are obtained from these 
equipments, whether the arc or an mcandescent lamp is used as the 
hght source. These four t3q)es are 

1. The flat reflector without diffusing globe; 

2. The same with diffusing globe; 

3. The pris m atic refractor enclosing or partially enclosing light source ; 
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4. The prismatic refractor within a globe of stippled or pebbled glass, 
which produces a slight breaking up of parallel rays of light without 
greatly altering their direction. 

TABLE LVII 

Importaot Factors in Strhet Illumination 
(A indicates greatest importance) 






Slow- 

Hi^idly- 

Large Units 

Small Umts 

Factor 

Pedestrian 

Moving 

Moving 





Vehicles 

Vehicles 


Best 

Direct 111 

A 

A 

c 

Best 


Silhouette 

C 

B 

A 

Best 


Revealing 






shadow 

B 

C 

B 

Good 

Good 

Glint 

D 

D 

B 

Depends on 

Depends 

Glare 

C 

A 

A 

height 

Usually bad 

on height 

Obscuring 

'B 





shadow 

D 

D 


The general trend of development in arc lamps has been toward 
increasing the relative proportion of hght flux emitted in zones near 
the horizontal, and this trend was markedly advanced upon the intro- 
duction of the magnetite lamp, in which the arc was held in a fixed 
position just below a widely distributing reflector. The general argu-i 
ment of those favoring the use of prismatic refractors has been that 
such accessories make it possible to direct even a greater proportion of 
the light where it is most needed; by means of a refractor the normal 
candlepower of the lamp can be more than doubled and thus the in- < 
tensity can be increased midway between units, at which point the 
illumination is usually not more than 6 to 10 per cent of the average 
over the street surface. At the same time the mtrinsic bnUiancy of i 
the refractor is considerably less than that of an exposed arc, or lamp 
filament. 

On the other hand, the more conservative, who favor the use of the 
old opal-globe fixtures, contend that with the refractor distribution, 
much of the hght fails to reach the road surface, and is, therefore, 
wasted; that the glare from such umts seriously interferes with vision; 
that street intersections are inadequately hghted; and, furthermore, 
that with refractors there is not sufficient hght on the portion of the 
street surface in the immediate vicinity of the lamp to msure that 
vehicles or pedestrians on other parts of the roadway may be rendered 
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j visible in silhouette against this brighter area. The opal globe is not 
i open, in the same degree, to these objections. It is, however, deficient 
i in revealing smaller obstacles or irregularities in the road surface 
I throughout an extended region midway between lamps. In these 
' darker stretches the pedestrian, as well as the dnver of a vehicle, pro- 
j ceeds with difficulty and with a feeling of insecurity. 

; A disadvantage of every form of street-lighting unit is that in the 
absence of most rigid inspection and maintenance the efficiency of the 
I system becomes rapidly impaired, owing to the collection of dust and 
' grime. 

Street-Lighting Systems. — In the past, street lamps have usually 
been operated from series circuits, the principal reasons bemg as follows: 

Fvrstj the arc lamp is inherently a constant-current device and gives 
its best operation and greatest efficiency on series rather than on mul- 
tiple circuits. 

Second^ the series circuit is the simplest and most efficient method 
of supplying energy to comparatively small imits scattered over wide 
areas. In many cases electric street hghting antedated the general use 
of electricity m residences by a considerable penod. 

Third, a separate system of distribution has furnished the only 
satisfactory means of automatically hghtmg and extinguishmg street 
lamps from the central station. 

At the present tune, when multiple incandescent lamps are available 
at a very high efficiency, and when a multiple system of distribution 
is found in almost every locality, there is but one vahd reason for the 
duplication of a distribution system and that is the convenience of 
turning lamps on and off If some form of remote-control switch for 
individual lamps were available and could be utilized simply and inex- 
pensively, the legitimate field of the series circuit would be closely 
limited. Meanwhile, every effort is bemg put forth to sunphfy and re- 
duce the amount of apparatus required for such circmts. Several 
attempts, with varying success, have been made to eliminate the 
moving-coil tjqie of transformer or regulator, but as yet no such system 
has received the full approval of the manufacturers of the lamps with 
which it must be used. A preferable plan is that of constructing the 
moving-con transformer in such a manner that it can be mounted out- 
side on a pole at any convenient location, connected to the 2200-volt 
power mains, and operated by a time or remote-control switch Often 
it is convenient to utilize such transformers for the extension of street- 
hghting Service and to connect directly in series with lamps of the 
nearest street-hghtmg circuit the remote-control switches which oper- 
ate them. Such a plan is especially advantageous m extended systems, 
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as it often avoids the use of several roiles of wire, which would other- 
wise be required between the nearest lamp of the new circuit and the 
sub-station. 
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CHAPTER XIV 


LIGHT PROJECTION 
[H. H Magdbick] 

General Principles 

Light projection, as the term is commonly employed, covers the 
redirection of light flux from artificial sources by means of suitable 
optical systems, so that it may be utihzed within sohd angles which are 
small as compared with those encoimtered in equipment for general 
illumination purposes It was in connection with such applications in 
a few restricted fields that some of the more important principles of 
optics and lUuminatmg engmeering were long smce developed and 
apphed During recent years these applications have multi phed 
rapidly, occupymg the attention of many lUiiminating engmeers and 



eading to commercialization on a large scale. 

Two general classes of apparatus are used to direct the flux from a 
lource mto the desired small angle Opaque reflector systems, controlling 
he light by the principle of specular reflection; and lens systems, 
lepending upon the refractive properties of glass Frequently, the two 
orms of control are combined in the same device 
In Fig. 127, Ay is illustrated the action of a simple convex lens. A light 
ly emerging from the focus, F, is refracted in passing through the lens 
) as to be projected parallel with the axis, while from an actual source, 
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as shown, at the focus, a cone of light is projected with an angle of 
divergence, 26, depending upon the size of the source, the focal length 
of the lens, and the angle, a, at which it is emitted The greatest angle 
of divergence is that of the cone issuing at the axis of the lens These 
statements apply to lenses mterceptmg the flux in a relatively small 
solid angle. As the diameter of a lens increases relative to the focal 
length, the thickness, and hence the absorption, increase rapidly and the 
control of the emerging rays is limited by the increasmg spherical and 
chromatic aberration. To reduce these elements of inefiiciency, Fresnel, 
about one hundred years ago, built a lens of concentric rings, Fig. 127, B, 
in effect a large convex lens with sections of the glass removed. He also 
added concentric prism rings to direct additional hght into the beam by 
total reflection. Later, these prisms were given a curved surface and 
refraction was combined with reflection to produce the desired results. 
It will be noted that the 
sections give rise to a 
series of dark rings when 
viewed within the beam, 
since the hght striking 
the risers is deflected at 
a large angle from the 
axis. In Fresnel lenses 
of reasonably effective 
angle — the sohd angle 
subtended by the lens at 
the focus — the contour 
of the surface may be so 
corrected as to secure very accurate control of hght. They are fre- 
quently referred to as stepped, or corrugated, lenses. 

Rays emerging from a source at the center of a sphere are reflected 
from the polished surface as shown in Fig, 128, A. Used in this manner, 
as an accessory to a lens on the other side of the source, the mirror 
increases the amount of hght intercepted by the lens, provided the source 
IS at least partially transparent. With the source placed on the axis 
of a spherical mirror at half the radius, rays are returned with only a 
small divergence from the parallel when the effective angle is not large. 
Mangin devised a spherical mirror of silvered glass with the radius of 
the inner surface less than that of the outer, Fig 128, B, The varying 
degree of refraction introduced by this concavo-convex lens is utilized 
to keep the divergence of the beam withm narrow limits for effective 
angles up to 120 degrees 

In concentrating light with an opaque reflector, the highest degree of 



B 

Fig. 128 Light Projection with Opaque Reflectors. 
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efitciency and accuracy is secured with a parabolic contour, since all 
rays from the focus are reflected parallel with the axis no matter how 
large the effective angle is made. The divergence from a source, as in 
Fig. 129, is greatest at the axis and decreases with mcreasmg angles. 
Only within the angle of the cone showing the smallest divergence, that 
is, the cone emanatmg from the edge of the mirror, does the beam con- 
tain light from all parts of the surface, and hence only in this region does 
the measured candlepower obey the inverse square law. Beyond this 
limiting cone, light is received from a decreasing zone of the reflector, 
until at the edge of the cone only the point at the axis is effective. 
Fig. 129, B, shows one combmation of reflectmg surfaces and lens among 
several that may be employed to meet various requirements. 

In all of the projection 
devices described above, 
a part of the beam re- 
ceives hght from the en- 
tire surface. In some 
cases, this occurs at the 
axis only; in others, 
over a wider angle. The 
brightness of the surface 
is m every case the bright- 
ness of the source at the 
respective angle multi- 
phed by the coefficient 
of reflection or transmis- 
lion of the system. The mtensity of the beam withm this range is, 
herefore, the product of the brightness and the projected area of the 
rurface; variations m the focal length and the effective angle do not 
hange the result. The multiplying factor of the system is then ap- 
>roximately the ratio of the squares of the diameter of the mirror and 
he diameter of the source Table II, Chap. II, givmg the brightness 
f the various sources, mdicates their relative values as far as the pro- 
uction of the maximum, beam intensities is concerned 
In moat apphcations, a beam can advantageously be utilized with a 
ivergence so great that the total amount of flux in the beam is of equal 
r greater importance than the central density The effective angle of 
le system, the size of the source, and the focal length are important 
.ctors in determining the width of the beam, the total flux, and its 
stribution 

The average opaque projector system directs from 30 to 60 per cent 
the available hght mto the beam, with lens systems, typical effective 
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Fig 129 Light Projection with Opaque Reflectors 
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angles are so small that only 6 to 20 per cent is transmitted, although 
these values are greatly exceeded m lenses used for hghthouses and some 
other special services. The cost of the respective types of apparatus 
for different sizes is, of course, often the determirong factor in their 
adoption; in general, the cost of lenses increases more rapidly with 
larger sizes. 

There are four principal kinds of surfaces employed in opaque pro- 
jectors Those of mirrored glass and silvered metal have a coefficient 
of reflection of the order of 85 per cent. Polished aluminum reflects 
slightly more than 60 per cent of the incident light, and a nickel-plated 
brass surface has an efficiency of less than 55 per cent. All of the metal 
surfaces tarmsh and require repolishmg or replating from time to time. 
Silvered metal deteriorates rapidly where air circulates over it, particu- 
larly m a salt atmosphere and where fumes from stacks are present. 
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Fig. 130 Parabolic Mirror and Point Source Beam Gharantenstics. 

The nickeled and aluminum surfaces depreciate less rapidly. The 
aluminum has the further advantage that repolishmg does not also in 
time involve replating as it does with the other metal units. Silvered 
?lass IS usually found the most desirable and economical in the long run, 
although where there is no intense heating and the reflectors may be 
tightly enclosed, silvered metal is found very satisfactory The light 
absorption by lenses vanes with the tliickness 6f the glass and the nature 
Df the construction; 10 to 15 per cent may be taken as typical values. 
R^ith Fresnel lenses there is a further loss due to the rings produced by 
the risers 

The large proportion of the projection field served by the parabolic 
’eflector makes a further analysis of its properties with different sources 
iesirable. In Fig 130 are shown the beam charactenstics that are 
approached as the source approaches a point radiating equally m all 
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^ctioiDS. The rays are parallel and the apparent candlepower is, 
3 oiirse, different at each distance measured. The density of the flux 
any radius is given by the formula 

^ “ [F + Ly 

Bre m = coefficient of reflection of mirror, 

E = illumination on a plane normal to the beam, 

F = focal length of mirror m inches, 

L = distance from focal point to point in beam in feet, 

I = candlepower. 

B results are shown for three reflectors of equal diameter but of 
erent focal length and effective angle. 



a Fig. 131 a similar analysis is made for a spherical source of 0.5 inch 
neter and a brilliancy of 1000 candles per square inch In this case 
equation for the axial density of the beam becomes: 


F7- 


Armm 

8L^ 


tan® = 


irmBR^ 


L® 


re 8 = area of hght source in square centimeters, 

B = brightness m candles per square centimeter, 
a = angle measured about focus in degrees, 
ice 

Ih — irR^Bm, 

intensity varies, for fixed focal length, with the square of the tangent 
ne-fourth the effective angle, for fixed angle, as the square of the 
1 length Also, the axial intensity is seen to depend upon the bnght- 
of the source but is not affected by its size; it is equal for all para- 
3 mirrors havmg the same diameter. The same intensity will be 
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directed at all angles within which light is received from the entire 
surface of the reflector. This angular spread is determined by the size 
of the source and its angular radius viewed from the edge of the reflector. 
The intensity at other angles is proportional to the area of the mirror 
contributing light. 

These characteristics of the beam apply at distances beyond the 
point at which the rays from the extreme edge of the reflector cross the 
axis. This point of maximum density, from which the inverse square 
law takes effect, is found from the equation 



where r = radius of source in inches. 

For a disk source the characteristics are given in Fig. 132. Here, 
again, ZB = R^Bm, 



Fig 132 Parabolic Mirror and Disk Source Beam Characteristics 


With a disk source, a wider angular opening than 180 degrees is not 
effective, smce the projected area becomes zero at 90 degrees from the 
axis. The effective diameter of reflector C is, therefore, reduced 
to 2A. The distance from the focus at which the inverse square region 
begins is in this case 

R 

■^0 = m 

12 r cos a 



LIGHT SIGNALS 
Railway Signals 

Optical System. — The lenses ordinarily used in railway signals are 
of the Fresnel type with the edges of the prismatic rings toward the 
hght source; they are termed “ simple optical lenses in this service. 
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Sometimes the edges of the prismatic rings are pointed outward; the 
lenses are then termed inverted lenses and require a cover glass, but 
have the advantage that none of the light is deflected by the risers of 
the prisms. The usual diameter of the simple optical lens is 5| inches, 
the focal distance being mches With the oil flame this lens gives 
a beam spread of some 15 feet m 100; with the usual electric lamp the 
spread is about 12 feet m 100. 

Color is usually obtained by the use of colored lenses; sometimes, 
however, as in the case of semaphore spectacles,^' a color screen is 
placed in front of a clear glass lens. Relative effective ranges for 
commercial colored lenses, as reported by the American Railway Signal 
Association, are 


Yellow 

lOto 15 

Green 

25to 30 

Red 

30to 36 

Clear 

8 0 to 12 0 


The range for a clear lens m a signal device of the usual type is estimated 
as from 8 to 12 miles The visibility is decreased when the field sur- 
rounding the lens is slightly illuminated, as in a slight haze, or when 
other light sources are nearby The candlepower required for satis- 
factoiy signaling varies from a very low value for mght service up to a 
high value when a positive indication is required in bright sunhght. 
Tests have recently shown that it requires a rmriimum mean spherical 
candlepower of 24 behind a standard signal lens for the signal to be seen 
at 2000 feet with the sun on the horizon in the background. 

Light Sources. — Oil has been extensively used as an illuminant, 
especially in remote locahties A special signal oil is used which does 
not freeze in cold weather and which has suflScient body to prevent 
floodiag when used in swinging hand-lanterns. Lanterns of fixed 
signals are operated contmuously, bemg cared for on a regular mam- 
tenance schedule. The oil lamp has numerous disadvantages, how- 
ever* its cost is high, especially in recent years since the price of oil has 
mounted, incrustation of the wick and deposit of soot on the inner 
surfaces of the lens cause considerable loss in candlepower (often a 5 
to 1 reduction in 100 hours' burning) , and the lamp requires frequent 
attention by the maintenance force. 

The incandescent electric lamp has been used for many years where 
electric power is readily available. Primary batteries of the copper- 
zinc, caustic-soda type are frequently used as a source of supply where 
power lines are not readily available The incandescent lamp has 
marked advantages over oil as an illummant, particularly in matters 
of cost, mamtenance and brilliancy of source. 
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The type of incandescent lamp used depends very largely upon the 
power available. Where direct-current hghtmg circuits are the only 
source at hand, the low-wattage lamp of the 115-volt class is generally 
employed Where primary batteries furnish the energy, a low-voltage 
lamp IS used on either 4 or 6 cells of primary battery. If alternating- 
current power hues are available along the right of way, transformers 
are employed to supply low-voltage lamps WTiere primary batteries 
are used, the cost of energy is extremely high, sometimes as great as 
$15 per kilowatt-hour. Hence it is very desirable that lamps used for 
this service be as efficient as practicable, to reduce operating costs. 

Rehabihty is undoubtedly the most important factor m railway signal 
lighting. The signal must under no consideration be out when it is 
supposed to be lighted. Not only is the cost of simply stopping a train 
a considerable item, but an accident might occur if the signal failed. 
With electnc signal hghting it has, therefore, been customary to em- 
ploy two lamps, both operating continuously; sometimes a relay ar- 
rangement IS used which will switch on the second lamp when the 
first bums out. A more recent development is the two-filament lamp 
which contains two similar filaments operating in parallel. The possi- 
bihty that both will fail at the same time is remote Failure of one 
filament is readily perceptible to the maintenance force, with the result 
that the replacement is promptly made. The remaming filament, how- 
ever, provides sufficient hght to render the signal effective until a new 
lamp can be installed. 

Approach Lighting. — Where electric energy is limited or costly, as 
with pnmaiy-battery systems, and on outlying divisions where trains 
are infrequent, the lamps are not always burned contmuously. Relays 
have been developed which cause the lamp to be hghted only upon the 
approach of a train and extinguished after the train has passed. This 
method of control is called “ approach hghtmg and is widely used. 

In some cases valves are employed which turn off the signal when 
dayhght radiation strikes it. These are used principally in switch 
signal lightmg. 

Phantom Indications. — Light beams from such sources as auto- 
mobile headlamps, nearby electnc hghts, or even the headlamp of the 
approaching locomotive itself, sometimes enter the signal lens and, bemg 
reflected back, give the signal the appearance of bemg hghted Such 
phantom mdications have been a frequent source of trouble m some 
cases Sometimes the apparent color is quite different from that of 
the signal lens. Placing a hood over the signal is effective in reducing 
this difficulty A cover glass, so designed as to turn aside the hght 
rays incident upon it from outside sources, is also used for this purpose. 
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Position and Color Light Signals. — The older method of block sig- 
naling employed the famdiar semaphore arm by day and a light by 
night. Movements of the semaphore arm covered the light with cor- 
respondmg color screens for night signaling The modern method, 
however, is to ntihze lamps for both day and night signals. Several 
lamps are generally used. In one type of signal the position of the 
lighted lamps gives the proper indication Such a signal is entirely 
electrically controlled through relays and does away with the necessity 
for the motor and dash-pot apparatus for moving the semaphore. 
Clear lenses are usually used in this type of signal 

On some roads three lamps with colored lenses — one red, one green, 
one yellow — are used. Green indicates dear, yellow, slow, and red, 
st(yp A broken lens gives a white signal which indicates stop The 
normal dayhght range of such a signal is some 3000 feet; and under 
the worst conditions, when opposed to direct sunhght, the range is not 
less than 2000 feet. In a snow storm, for example, such a signal shows 
two or three tunes as far as semaphore arms. 

These higher-intensity signals are being adopted in increasing num- 
bers 


Military Signaling 

Military searchlight projectors have been used to transmit signals 
at night for more than 50 miles, by training the beam on a cloud They 
are also used m the navy for day signaling over considerable distances, 

and have the ad- 
vantage that the 
narrow beam pre- 
cludes observation 
by other vessels, 
even though only 
a few degrees re- 
moved 

Several small in- 
candescent lamps, 
mounted in the ring 
focus of a cylindrical Fresnel lens, are used with a Morse key for night 
signahng in the navy at moderate distances, superseding the Ardois 
and other devices 



Fig 133 — Signaling Projector for Aircraft 


During the war, the land forces made extensive use of low-candle- 
power metal-filament lamps equipped with paraboloid reflectors. 
Morse signals are reported to have been read at 11 miles, at the rate of 
17 words per minute, with this apparatus Fig 133 illustrates a 150- 
watt sig n ali n g projector employed on British aircraft. The properties 
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of the spherical and parabolic mirrors, as well as those of the dioptric 
lens, are utilized 

A novel device developed during the war utilized invisible radiation 
in a narrow region of the spectrum just beyond the violet (0.40 to 
0 35m). a Mangin mirror reflects sufficiently well m this region to 
permit the use of an ordmary headlight lamp. A special glass filter, 
to cut off visible radiation, was designed, and an extensive mvestigation 
led to the use of a barium-platmum-cyamde fluorescent receiving screen, 
which fluoresces with a considerable intensity even under weak stimuli. 
One of the great advantages of this system is the fact that glass is quite 
transparent to radiation in this part of the spectrum and hence the 
receivmg screen can be used on occasion with an ordinary prism field 
glass. In practice, two telescopes are fixed side by side; one for send- 
mg, contammg dupHcate lamps, filter, eye-piece and transmitting lens, 
the other for receivmg, contammg a condensmg lens with the fluorescent 
screen at its focus, and an eye-piece. The beam received appears m the 
eye-piece as a little green moon which blinks its signals The signal is, 
of course, invisible except to those provided with the proper receiving 
apparatus. 

RAILWAY HEADLIGHTING 
Electric Cars 

On street cars for ordmary city service, the headlamps need serve 
only as markers For suburban 
and mterurban runs, with higher 
speeds and dark roads, a higher 
mtensity is required, both to serve 
as a warning at greater distances 
of the approach of a car or train, 
and to illummate objects on the 
track at a sufficient distance to 
allow the car to be stopped before 
reaching them Figure 134 gives 
photometric data for several equip- 
ments for headhghtmg, typical of 
those used m this service. Since 
high-voltage direct current is avail- 
able, the magnetite arc has been 
found to be particularly useful m 
this field where a high-mtensity 
beam is wanted The large amount 
of steadying resistance stabilizes 
the arc, and when the equipment includes a good lens, good control 
is ffecured with the results shown in Fie. 135. 
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Steam Locomotives 

The Interstate Commerce Commission has issued the following rules 
relative to locomotive headlighting' 

Each locomotive used in road service between sunset and sunrise 
shall have a headlight which will afford sufficient illumination to enable 
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a person m the cab, who possesses the 
usual msual capacity required of loco- 
motive engmemen, to see in a clear 
atmosphere a dark object as large as a 
man of average size standing erect at 
a distance of at least 800 feet and in 
front of such headhght; and such head- 
light must be maintained in good con- 
dition. 

Such headhght shall be provided 
with a device whereby the ligh t, from 
same may be diminished in yards, at 
stations, or when meeting trains 

Sources. — The problem is, therefore, 
one of securing a beam to meet these 
requirements The opaque reflector of 
paraboloidal contour is readily adapt- 
able to this service. The electric arc 


and the incandescent lamp are the 
only types of sources which give sufficient beam candle-power to 
meet ^e requirements of the Interstate Commerce Commission. 
Until the development of the concentrated-filament gas-fiUed incan- 
descent lamp, the electric arc was used almost exclusively The 
concentrated-filament lamp gives a source of high brilhancy and has 
rapidly replaced the arc lamp with its disadvantages of instability of 
the arc, difficffity m keeping globe and reflector clean, etc Durmg the 
war, the United States Railroad Administration, lacking definite m- 
foi^Uon, arbitrarily ruled that only a headhght equipped with a 260- 
watt, 32-volt, gas-fiUed tungsten lamp in an 18-mch silver-plated metal 
reflector should be used 


have been conducted since the war indicate 
httle difference in “ pick up ” abUity between the 12-mch and 18-inch 
reflectors when they are new and polished It has been further deter- 
^ 50-watt lamp with a concentrated filament wiU meet 
the 8TO-foot “ pick up » requirement if used m a new, highly pohshed 
reflector Higher wattages are generally used, however, to provide an 
ample factor of safety. 
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The metal reflectors used in railroad service are ordinarily of silver- 
iated copper. Some difficulty has been experienced m holding the 
ffiector so that its shape is not distorted. Silver-backed glass reflectors 
crystal and uranium glass are being used in mcreasing numbers, 
litially the metal reflector is better than the glass reflector; this 
Ivantage, however, is soon overcome, owmg to the rapid depreciation 
om tarnishing of the polished metal surface. The tarnish cuts down 
le “ pick up ” distance, but the loss in distance is not so great as is 
le reduction in light output. 

A slight fog has the curious effect of making a dark object in the 
earn more easily visible. The probable explanation is that the dark 
bject IS seen by virtue of the contrast between it and the somewhat 
lighter fog background. This brighter background is caused by the 
jattering of hght by the particles of water vapor in the air. A dense 
)g, of course, presents a difficult problem. The scattering of light is 
1 excessive that there is the effect of a white wall or curtam, which the 
ye of the engineer fails to pierce, just ahead of the locomotive. 

Glare. — The glare of an unmodified headhght beam is very dis- 
orbing, not only in that it renders signals less noticeable to the driver 
f a train approaching from the opposite direction, but also in that it 
mders the work of the towerman, who must read the classification 
umber on the side of the headhght as the engine speeds past. Some 
ttempts have been made to eliminate this glare by the use of diffusmg 
r redirectmg lenses, as in automobile headlight practice. Tests, 
owever, indicate that such methods reduce the “ pick up distance 
laterially. On the other hand, the brightness of the headlamp is 
educed and the approachmg engmeer can better perceive objects up to 
but not beyond) the oncoming headhght. The usual custom of today 
3 to dim the headhght by inserting a resistance in series with the lamp 
/hen meetmg trains, entering terminals, etc. 

VEHICLE HEADLIGHTING 

Vision. — It is desirable that the driver of an automobile be able to 
ee his way for several hundred feet in advance, and since he must 
)rovide his own lamps and direct the light unfavorably for hghtmg the 
oadway, it becomes necessary to project a high mtensity If there 
vere but one automobile and a lonely road, the headhghting problem 
vould be simply solved. But the high-mtensity equipments employing 
ilosely coiled, low-voltage filaments, m solving the problem of hghtmg 
he road, introduced a serious problem in that they temporarily blinded 
he driver or pedestnan who was forced to come within their angle of 
iction. 
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Investigations to determine the proper and desirable distribution of 
light from headlamps, taking into account both the needs of the driver 
and the prevention of glare for the pedestrian and the driver of an 
oncoming vehicle, have resulted in the development of equipment for 
securing a desirable type of beam, or one approaching it, and today 
there are road-hghting equipments, which, if properly adjusted, give 
good results, for the usual conditions of driving. 

Laws. — The various states have passed many laws intended to con- 
trol automotive headhghting. Apparently, the aim of some of the 
older rules was to prevent glare rather than to provide satisfactory 
road hghting. Investigations showed that the desired end — satis- 
factory road lighting without glare — could be accomplished with 
much more certamty, and the enforcement of the regulations greatly 



Pig 136 Limiting Candlepower Values from Two Headlamps Intensities 
Measured m Vertical Plane 100 Feet Ahead of the Car 

facilitated, by a definite statement of the maximum candlepower which 
may be directed in those angles where it interferes with the vision of 
the approaching driver, and the imnimum intensity which must be 
iirected to vanous parts of the road to insure a satisfactory driving 
ight. The niuminating Engineering Society and the Society of Auto- 
notive Engineers have been sponsors for regulations of this kind in the 
orm shown in Fig. 136 The tendency of new state legislation is 
oward the adoption of this system. The values of road illumination 
)rovided m these specifications represent the mimmum considered neces- 
ary from the standpoint of safety. A lens or device which will just 
leet these requirements in a laboratory, and hence will receive state 
pprovaJ, cannot bo depended upon to show anywhere near the re- 
uired values under some service conditions In the laboratory, selected 
jflectors, lamps, and cover glasses are employed and the equipment 
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is operated at rated voltage. In service, owing to conditions beyond 
the control of the car owner, the voltage of the lamps is often below that 
required to give full candlepower; furthermore, there are departures 
from a perfect product in reflectors, cover glasses, incandescent lamps, 
and sockets and there is some depreciation due to dust as well as to 
blackening of the lamps. Hence, to insure that the designated values 
of road illumination will actually be obtained m service, it is necessary 
that the laboratory test should in general show twice these intensities. 
This fact has not been suflEiciently realised, and there are many cars 
now equipped with devices which, in a large percentage of the cases, 
are not satisfactory in service although] they have passed the labora- 
tory tests. 

Light Distribution. — The purpose of most present-day headlighting 
equipment is to gather the hght from the lamp, direct it down the road 



Fig. 137 Spreading Rays of Light by Vertical Flutes m the Cover Glass. 

Top View. 

ahead, spread it mto a broad, shallow beam to cover the road surface, 
and tilt it so that its top is horizontal. The broad, shallow beam 
covers the road surface and provides driving light; tilting until the top 
of the beam is horizontal, if the beam has a sharp cut-off at the top, 
keeps the high-intensity hght down upon the road and out of the eyes 
of an approaching driver. The parabohc reflector serves to gather the 
hght from the lamp. Spreading of the beam may be accomphshed by 
vertical flutes in the cover glass. Figure 137 illustrates the spreading 
effect of such flutes. Tilting may be accomplished by tilting the head- 
lamp itself, in some devices, bendmg prisms (Fig 138) in the cover 
glass help to perform this function. If bending prisms are used, some 
parts of the beam can be tilted more than others, in this way greater 
depth of beam may be secured, this gives additional light near the car, 
desirable for lighting roadways, ditches, etc Figure 139 shows the 
cross-section of the beam from a parabolic reflector with a cover glass 
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Fia. 138 Bendmg a Ray of Light with a Honzontal Ptibul 
S ide View, 



Fig. 139. Cross-Section of Beam from Parabohc Reflector and Cover Glass 
Having Uniform Spreadmg Flutes, 



‘iG 140 Cross-Section of More Desirable Beam from Parabohc Reflector and 
Cover Glass in which the Rays from Different Sections of the Beam are Spread 
and Bent m Varymg Amounts. 



EQUIPMENT 


443 


[laving uniform spreading flutes. Figure 140 shows the cross-section 
3 f a more desirable beam in which the rays from different sections are 
Dent and spread in varying amounts. A small amount of light is sl- 
owed to escape above the horizontal — sufficient to reveal overhanging 
ibstructions but not enough to cause glare. The road ahead and near 
he car is uniformly well lighted, as are the sides of the road, enabling 
he driver to proceed with a feeling of safety. 

The fluted reflector is a recent development which employs vertical 
lutes m the reflector itself for spreading the beam. The necessary 
flt is secured by tilting the reflector and depth of beam by modifica- 
ion of the contour No special lens is required, and a clear cover 
jlass is provided as a protection for the mirrored reflector surface. 

Substantially all of the headlighting equipments now on the market 
vere designed for use with the 21-candlepower gas-filled incandescent 
amp and give best results with this lamp. 

Even with the progress that has been made, there is still found a 
iODsiderable amount of glare upon the highways, due usually either to 
K)or equipment or poor adjustment Headlamps are extremely sensi- 
;ive to adjustment. The beam may be compared with a lever with a 
ihort arm of some inches and a long arm of perhaps 100 feet. It is 
ibvious that a small change in the position of the lamp will make a 
jonsiderable difference in the beam out on the road. An immediate 
mprovement in road-lighting conditions would result if aU drivers gave 
iroper attention to this important feature of their cars. 

SEARCHLIGHHNG 

Equipment — Searchlighting eqmpments were developed principally 
n connection with the mihtary service, sixty years ago Durmg all of 
he intervemng period they have been used as an effective means of 
lefense against night attack, for locating enemy vessels, aircraft, and 
ortifications, as well as for signaling purposes. Nearly forty years 
go, the first accurately ground parabohc mirrors became available, 
nd these with the direct-current carbon arc have been the standard 
quipment Few improvements m either the light source or the optical 
ystem were made until shortly before the World War, when the in- 
reasmg range of torpedoes and the menace of aircraft led to rapid and 
adical developments. 

Figure 141 shows a number of small hand-controlled searchhghtmg 
qmpments such as are used in commercial work and in navigation. 
?he electrodes are m a horizontal position with the positive tip at the 
ocus of the mirror, inasmuch as most of the hght is radiated from this 
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surface. Figure 142, .4, is a military equipment provided with an auto- 
matic control and feedmg mechanism. The iris shutter serves to shut 
off the beam quickly or to keep it covered until full candlepower is 
obtained. A considerable delay is encountered in reestabhshing full 
intensity after the arc has been extinguished For rapid signaling, 
Venetian blinds or louvers are used in front of the cover glass, as shown 
in Fig. 142, B. In field operation, equipments are sometimes mounted 
on railway cars or on trucks with elevated platforms. 



Fia 141 Hand-controUed Conunercial Searchlighting Equipments 


The demand for a more mobile type of searchlight during the World 
War, particularly for anti-aircraft operations, led to the development of 
a greatly simplified but powerful umt which can be transported on, and 
supphed with energy from, a motor car. This 60-inch searchhght 
weighs only one-tenth as much as the former standard unit of that 
A T 0“e-third as great and it consists of only about 

as compared with several thousand for the old de- 

^ “ one-fourth the time required for the old 

models and is very much more rugged 

rately polished parabohc mirrors, except in diameters of 18 inches or 
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less, for which Mangin mirrors can be made more cheaply. The data 
for typical carbon arc searchlight projectors are given in Table LVIII. 
It will be noticed that the focal length of the mirrors is about 40 per 
cent of the diameter The included angle is, therefore, about 120 or 
130 degrees Within this angle is included a large percentage of the 
light emitted by the arc; to increase the angle for a given diameter of 
mirror would result in decreasing the effectiveness of the beam, for in 
most applications of searchlighting the interest is only in mamtaming 
a maximum mid-beam mtensity. Any considerable divergence of the 
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Fia. 142. Military Searchlighting Equipments. 

beam serves actually to mterfere with vision of objects illuminated by 
the middle of the beam The beam appears to the observer as a bright 
shaft of hght which has the effect of producing a curtain between the 
observer and the illuminated object, standmg at about 600 feet to the 
side of the searchlight increases the seeing abihty of the observer about 
three times. Remote-control equipment has been developed in order 
to enable an operator, located at some other place than at the search- 
hght, to change the beam direction at will. This is of especial advantage 
m increasing the useful range, as weU as from other standpomts in 
military application. 
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TABLE LVIII 

TrPICAIi CaKBON- AhO SEARCHLIGHTINa PROJECTORS 


IQ’oinmal 


Actual 

Focal 
Length 
in Inches 


Diameter 
of Mirror 
in Inehea 

Amperes 

Diameter 
of Mirror 
in Inohes 

Hefleotor 

9 

10 



Mangin Mirror 

13 

20 



Mangin Mirror 

18 

35 

19A 

7| 

Mangin Mirror 
Parabolic Mirror 

24 

60 

26i 

10 

30 

80 

31A 

I2i 

Parabolic Mirror 

36 

no 

37 

14i 

Parabolic Mirror 

60 

200 


Parabolic Mirror 


Range. — The dimensions of the object, the color, form, and nature 
of its surface, the degree of contrast with surroundings, the influence 
of telescope, glasses, or spectacles, and the physiological pecuharities 
of the observer's eye all have a bearing upon the range at which a beam 
is effective. These factors have been analyzed, and it has been found 
that the range increases even less rapidly than the fourth root of the 
intensity. To increase the range five-fold, under atmospheric con- 
ditions giving 70 per cent transmission per kilometer, it is estimated 
that the intensity would have to be increased 42,000-fold for typical 
military work. 

Color. — The impression prevails that blue light is particularly de- 
sirable in the rays of a searchUghtmg beam, since the surfaces observed 
are often bluish-gray and because of the Purkmje effect Whenever a 
preponderance of blue rays is reflected an advantage probably exists; 
but in the usual case it would seem to be detrimental smce the eye will 
not focus for the blue rays when the longer wave-lengths predominate, 
and vision is, therefore, impaired. 

Arc Electrodes. — Prior to the late war, the positive electrodes for 
the carbon arcs used with 60-inch mirrors were about 2 inches in diam- 
eter. This resulted in a beam spread of about 2.5 degrees The in- 
tensity of the beam from these searchlights was of the order of 30 to 40 
million candlepower. Through developments in the manufacture of 
the electrodes and in increase of current density through reduction in 
the diameter of both positive and negative electrodes, the beam inten- 
sity was very greatly increased. High current density and small crater 
size result in high intrinsic brilliancy and beam intensity. The effi- 
ciency is increased as the diameter of the negative electrode is decreased 
and the arc lengthened, with the accompanymg reduction in the angle 
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of shadow. The small negative is also advantageous in steadying the 
arc. The high current density required m a small negative is accom- 
plished without spindling by providing this electrode with a copper 
coating The diameter of the positive electrode was brought down to 
inches for an arc of 200 amperes The result of these developments 
was an increase in the candlepower of this lamp in a 60-inch searchlight 
to about 125 million; at the same tune equilibrium conditions were ob- 
tained more rapidly after startmg, the arc made more steady, and the 
spread of the beam kept down to 1.5 degrees, thus greatly aidmg vision. 

Flame Arcs. — Shortly before the war, the hi^-current flame arc 
lamp for searchlight use was developed. This lamp is used with auto- 
matic feed for naval and coast defense applications; but for open-field, 
war conditions, the more simple and more rugged hand-operated lamp 
is utilized. With a 60-iach mirror the lamp gives a narrow beam with 
a candlepower of the order of 400 milhon. It is this lamp that is 
utilized in connection with the light, 60-inch, portable equipment pre- 
viously referred to, as well as in a 36-mch naval unit and a 30-inch 
open-type projector mounted on a tripod with a total weight of but 
250 pounds 

Mirrors. — A feature of the modem portable type of searchlight is 
the metal mirror. This type has the advantages of lighter weight, far 
less expense, freedom from cracking with heat, or shattering when struck 
by a bullet. A spun or pressed metal reflector could not be made with 
the necessary accuracy, but a simple means of turning out exceedingly 
accurate mirrors in any quantity desired was developed during the war, 
through the deposition of silver on the convex side of a glass form for a 
glass mirror, the silver bemg built up electrolytically and then plated 
with copper to a considerable thickness, after which adhesive is apphed 
to the copper and backed with a plastic coatmg with suitable reinforce- 
ment. The mirror is then removed from the glass form and is foimd to 
have an unexcelled degree of pohsh Coating the surface with lacquer 
makes it possible to store the mirror as long as. desired. When the 
mirror is put into use, however, the heat from the lamp soon evaporates 
this lacquer and the surface of the mirror gradually tarnishes, giving the 
mirror but a short service life One of the chief advantages of the metal 
imrrors is the fact that production of glass mirrors is very much limited 
because of the nature of the glass polishing and other processes involved, 
whereas any desired production of the metal mirrors can be built up 
very rapidly. 

Since the thickness of the glass mirror results in some refraction of 
the beam, it has been found necessary to modify the contour of the 
convex surface shghtly from that of a paraboloid to compensate for this 
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refraction and keep the beam as narrow as possible. The accuracy of 
contour is tested by projecting a small beam of light parallel to the 
axis of the mirror and passing it across the mirror to ascertain whether 
the reflected beam from all positions passes through the same point 
or focus. A further test to determine whether the mirror is uniform 
and free from irregularities is to photograph the reflection in the mirror 
of a screen ruled with lines at right angles. 

Incandescent Lamps. — The filaments of incandescent lamps do not 
have a sufficiently high brightness to make their use feasible in search- 
lights for military purposes. For commercial and navigation purposes, 
however, they have a considerable field in conjunction with 18-mch, 
24-inch, and 30-mch parabohc mirrors The candlepower values in the 
beam are not so high as can be obtained with carbon arcs in mirrors of 
these sizes. However, the units have the advantage of steadiness of 
beam and simphcity in operation, which in many situations are of 
greater importance. The hght source is more concentrated in lamps 
of high current and low voltage, and, because of the greater brightness 
and small dimensions of the source, higher beam candlepower and 
narrower divergence result. For some commercial purposes the greater 
spread obtained with lamps of higher voltages is, however, of advantage. 
Results obtained with incandescent searchhghts are indicated in Table 
LIX. 

TABLE LIX 


Data on Incandescent Sbakchlights 


Nominal 



Candlepower 

Mirror 

Lamp 

Beam Spread 

Center of 

Diameter 



Beam 

18 ' 

1000-w , 115-v 

4i“ 

1,650,000 

18 ' 

9(X)-w , 32-v 


4,000,000 

18 ' 

1200-w , 12-v 

3i° 

6,000,000 

30' 

1200-w, 12-v 

2r 

15,000,000 


LIGHTHOUSES 

Lighthouses exist for the purpose of orientation. Reliability, sim- 
plicity, and low cost of operation, rather than extremely high intensities, 
are the primary requisites m the majority of cases. 

Systems. — Lights are usually classified, according to their char- 
acteristic appearance, as fixed lights, the rays of which are concentrated 
into a belt of light distributed evenly around the horizon, flashing lights, 
the rays of which are concentrated into a pencil or cone with a small 
angle, directed toward the horizon, and revolved about the light source 
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as a center; and sector Or range lights, in which the light is concentrated 
into a cone of light with a small, angle, that is, maintained in some 
definite direction. It is of advantage to give each light a characteristic 
appearance, in order that it may be easily recognized by mariners and 
not confused with other lights or shore stations. Fixed hghta, there- 
fore, have been largely converted into occulting lights, which appear and 
disappear at characteristic intervals; one means of producing tins effect 
is by a cylindrical screen, fitted over the light source and rapidly raised 
or lowered. 

Lenses. — Lens systems form the standard equipment,' and their 
application in this field is notable for the large effective angles and hence 


Fig 143 Fourth-order Six-panel 
Fixed Lens 




Fig 144 Fourth-order Range 
Lens. 


the high efficiencies obtained. The careful correction of these lenses 
has led to a degree of control which is surprising in view of the extended 
sources of relatively low intrinsic bnlhancy employed The lens systems 
are divided into '' orders according to their focal length, ranging from 
160 mm. (5.9 inches) for the sixth order to 920 mm (36.22 mches) for 
the first and 1330 mm (52 36 inches) for the hyper-radial 
For fixed or occulting beams giving a band of light continuous in a 
horizontal plane, the lenses are cyhndncal in form about a vertical 
axis (Fig. 143). The light issues as a belt of narrow vertical divergence; 
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this angle and the intensity of the beam vary directly with the focal 
length for a given hght source The central part of a typical lens covers 
an angle at the source of nearly 60 degrees and contnbutes about 60 per 
cent of the hght. This portion of the lens is dioptnc, redirectmg the 
light by refraction only The upper and lower parts of the lens system 
are catadioptnc, acting by both refraction and total reflection The 
lower prisms cover about 20 degrees and furnish 10 per cent of the beam; 
the upper nearly 50 degrees and 30 per cent of the light Frequently 
a dioptnc belt of about 80 degrees effective angle is employed alone. 



Fig 145 First-order Double Flashing Fig 146 Fourth-order Four-panel 
Apparatus Lens 

If lenses developed about a horizontal axis are used, both vertical and 
horizontal concentration are secured and a very mtense narrow cone 
of hght results, varying for a given source roughly as the square of the 
focal length of the lens Such a hemispherical lens, Fig. 144, with a 
spherical mirror on the opposite side of the source, gives a powerful 
beam in one fixed direction, as for range lighting If rotated about the 
hght source, it produces a flashing light. A great advantage of this 
flashing lens is the enormous increase in beam intensity realized. Two 
such lenses, Fig. 145, give high-intensity beams at a 90-degree angle and 
are rotated about the source to produce high-powered flashing effects. 
Sometimes four-sided lens systems are used (Kg. 146) It is interest- 
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ing to note that the larger lens systems are often floated in mercury to 
Facilitate turning. An example of this practice is in the hght at Cape 
Race, Newfoundland, where a lens system weighing 7 tons is floated on 
some 950 pounds of mercury. A clockwork mechanism drives it at a 
definite speed of rotation 

Recent tests by the French Lighthouse Service indicate that metal 
mirrors of modem design give results superior to those obtained with 
lens systems. 

Light Sources. — A fire of coal or wood, set in a brazier or grate, was 
the earliest form of illummant used in hghthouses. Tallow candles 
were then used, followed by oil lamps with flat and cylindrical wicks. 
Lamps were developed with three or four concentric cylindrical wicks. 
Sperm oil, olive oil, lard oil, colza oil and cocoanut oil have been vari- 
ously employed as fuels in vanous parts of the world. Incandescent 
mantles, burning vaporized kerosene, are used in the majority of light- 
houses today. These provide a relatively high brilliancy and small 
source, and operate at the lowest cost of any lamp used for this service. 
Gas, usually with the mcandescent mantle, has been used to some 
extent. Pintsch gas and acetylene are used in sorne instances, particu- 
larly on rough service, as on light buoys. 

From an optical standpoint, the electric arc and concentrated filament 
mcandescent lamps are most nearly ideal. The first electric installation 
made use of the electric arc, and a number are still used on important 
hghts where high intensity is a requisite Owing to the fact that the 
hght is generally located in a position remote from central station service, 
it IS often necessary to provide a generating plant at the light. 

The incandescent lamp has been installed comparatively recently 
in a number of hghthouses. The 1000-watt, 116-volt gas-filled tungsten 
lamp of standard filament construction has given excellent results in 
several of the more important lights. The advantages of this source 
are its more desirable color and great beam candlepower, together with 
its ease of control and supervision. It is a simple matter to control the 
lamp current by an ordinary sign flasher and to produce flashes at any 
desired interval and frequency. Where the incandescent lamp has been 
installed with existmg lenses, particularly of the longer focal distances, 
designed for use with kerosene flame burners of large areas, better 
results have been obtained by using a sphencal mirror beneath the lamp 
to reflect the light properly to the upper catadioptric rings of the lenses. 
Incandescent lamp eqmpments of various sizes are used on the larger 
hght vessels. 

f Range. — The distance at which a light is visible at sea is limited by 
the echpsing of the hght by the curvature of the earth; the intensity 
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and color of the source are also factors. As the density of air varies 
■with elevation, the rays of hght suffer successive refraction and con- 
sequently travel curved paths, concave downward. This has the effect 
of making the light visible for a greater distance than a tangent drawn 
to the earth's surface would indicate. If the eye of the observer is at 


Lifffat 



Fig. 147. The Geographical Range 


B, Fig, 147, a distance of h from the earth, the maximum distance at 
which he can see the light may be obtained from the formula, 

Distance = JM + 1 /^ . 

V042 V 042 

In se'tting up a light ■to be used for landfall purposes (where the mariner 
uses it "to estimate his distance offshore at the time that it is first sighted) 
it is, of course, necessary to use a light of suflScient candlepower to be 
■visible at least ■the distance of the geographical range 
Because of the great distance of an observer from the light, questions of 
visibility here pertain to a point source, that is, one subtending an angle 
less ■than the limit for the resol^ving power of the eye. It has been found 
that the visibility of a point source is proportional to the candlepower 
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and inversely proportional to the square of the distance, and that 
visibility is independent of brightness for sources subtending an arc of 
less than 2 minutes. A recent investigation has shown values for the 
range of lights of different colors only slightly less than the following, 
reported by the German Lighthouse Board of Hamburg as a result of 
their tests in 1894’ 

R = 1.53 V7 for white light in clear weather, where R represents the 
range m miles and I the candlepower. 

R = 1.09 for white hght in rainy weather. 

B = 1 63-^1 for green light in clear weather. 

Color. — Greens and blues are, in general, considered as unsuited 
for hghthouse service, because of the absorption by the color screens 
and the relatively poor transmission of these colors through foggy 
atmospheres. The absorption of the red screens commonly used in 
lighthouse service is in the neighborhood of 60 per cent; green screens 
absorb some 75 per cent. The use of color, therefore, reduces the 
candlepower tremendously. Water vapor (fog) scatters the shorter 
wave-lengths of light and tends to transimt only the reddish rays from 
the origmal hght source. Therefore, a white light should be of as 
white or bluish-white quality as possible, in order that on foggy mghts 
it may not be reddened enough to be confused with red beacons. 

Candlepower. — Under ordmary atmospheric conditions, relatively 
low mtensities suffice for visibihty at the geographical limit. In 
stormy and foggy weather, however, when a light is most needed, con- 
siderably higher mtensities are required for the light to be effective. 
Furthermore, the increase of visible range through heavy fog becomes 
very gradual as the candlepower is increased. Hence, extremely high 
mtensities are often found at important lights. Many of the larger 
mcandescent-mantle oil lanterns give beam mtensities of the order of 
several hundred thousand candlepower. Electric umts give beams that 
are measured in milhons. In many installations the duration of the 
flii.qVi is 0.1 second or even less. This is probably shorter than the 
time required at low illuminations to produce the same sensation as a 
steady beam of the same intensity. The results produced by different 
durations of flash and mtervening periods are only partially known; 
nevertheless, for maximum utilization of a source at range limits, short 
flashes are required. 

There is a marked tendency toward using numbers of light buoys 
instead of erectmg a few lighthouses of high intensity With Pintsch 
gas or acetylene, these buoys frequently operate without attention for 
periods as long as mne months or a year. They can be made to flash 
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by means of a mechamsm, actuated by the gas pressure, which turns 
the main bimier off and on With the large buoys it is also found 
economical to use “ sun valves,” which turn off the main burner during 
the period of daylight radiation 

Beacon Hghts are now being used extensively to guide aeroplanes in 
night flying. In this case the beacon itself needs comparatively little 
altitude, since the observer is flying at a height which gives him a veiy 
large geographical range. For example, to an observer flying at 4000 
to 6000 feet, very customary levels, the geographical range of a light 
at the earth’s surface is some 85 miles. Placmg the light on an eminence, 
of course, further increases the visible range. With such a long range 
it is desirable to have a hght of high intensity. 

MOTION PICTURE AND SLIDE PROJECTION 

The application of light for the projection of transparencies, either 
lantern slides or motion picture film, is a subject of immediate interest 
to practically everyone. In recent years, the latter has become the 
more general apphcation. 

Principles of Projection. — Optically, apparatus for motion picture 
projection comprises essentially a light source and condensing lens, a 
photographic print on a transparent fllm, a projection objective lens, 
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Fig 148 Esaential Optical Elements for Motion Picture Projection with 
Incandescent Lamps 


and a screen, supplemented by a rotary shutter, an aperture plate, and 
in certain cases a mirrored reflector These optical elements are shown 
in their respective positions in Fig. 148. A motion picture projector 
has, in addition, the mechanism for rapidly bringing successive pictures 
into position at the aperture and stoppmg them for a fraction of a 
second while they are projected as enlargements on the screen. These 
follow each other so rapidly (usually at the rate of about sixteen per 
second) that the eye does not distinguish mdividual pictures, but appar- 
ently beholds the motion in the scene photographed. 
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Projection Lens. — In projection, the operation resulting in a de- 
ined image is known as focusmg The combination of glass elements 
ised to accomplish focusing is known as a projection objective lens. 
3uch a lens produces an image only in one plane, and its distance from 
Jie lens depends upon the contour of the glass surfaces as well as upon 
die distance between 
bhe object and the 
lens. (See Fig. 149.) 

If an image is to 
appear as bright as j 
possible, the screen 
on which it IS shown 
must have a surface i 
which reflects a max- 
imum amount of the 
incident light in the 

direction of the ob- 
servers Proiection Lens — Light Heachmg Any 

* Part of the Lens from a Single Point on the Arrow 

ihe area of the Focused at Only One Pomt on the Screen 
image on the screen 

in motion picture theatres is usually from 26,000 to 60,000 times that 
of the prmt on the film. Moreover, the projection lens absorbs some of 
the light and nearly one-half of the remainder is absorbed by the 
rotatmg shutter, with the result that the quantity of light passing 
through a unit area of the film, even when all of it is directed to the 
objective, njust be from 70,000 to 170,000 times that received by each 
unit area of screen. 

' Condensing Lens. — It happens that there are no sources which of 
themselves direct more than a small percentage of their light into the 




Fig 160 . Source SizelRequirements — Source AB must be larger than the aperture 
to send hght through a pomt at the edge of the aperture and through the full 
opemng of the objective lens. 

small angle included by the projection lens. Moreover, the heat radi- 
ated and conducted from the source (Fig. 150) would unduly raise the 
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temperature of the film and its guides. Here the refractive properties 
of glass in a lens called the condensmg lens may be employed to inter- 
cept the light emitted through a wider angle from a small source placed 
back from the aperture and to direct it through the film to the pro- 
jection lens. By the proper design of the curvature of the faces of 
such a condensmg lens, it can be made of relatively large diameter 
with respect to the source dimensions and thus become both a large 
apparent source and a means of utihzing a large amount of the total 
h^t flux. The diameter of the condensing lens for various distances 
from the film is determined by the reqmrement that, for uniform screen 
illumination, equal areas of the lens must be visible through the optical 
system from all pomts of the screen (Fig. 161). 

The convergmg beam from the condenser forms an image of the 
source at the point where the rays cross; as this is also at or near the 
narrowest part of the beam, the aperture should be placed at this 
pomt m order that the greatest amount of hght may pass through it, for 



Fig. 151 Condenser Size Requirements — For uniform screen illumination the size 
of the condensmg lens must be such that equal areas of umformly bright hght 
source are seen on lookmg back from each pomt on the screen 

with sources employed m practice the cross-section of the convergmg 
beam from the condenser is, even at its narrowest part, usually equal 
to or greater than the area of the film If the source is not of uniform 
brightness, the film placed at this position will not be evenly illuminated. 

The aperture plate is a metal plate with an opening shghtly smaller 
than a single picture of the film; it serves to himt the hght beam to the 
smgle picture being projected. 

Film Movement. — With the intermittent mechanism commonly 
employed for moving the film, the picture is in movement from one- 
fourth to one-fifth of the time When sixteen pictures are projected 
per second, this means that approximately one-hundredth of a second 
of movement is followed by five-hundredths of a second with the picture 
in place. If the hght were allowed to reach the screen during the penod 
of movement, flicker and blurring of the picture would result. Pro- 
vision is, therefore, made for cutting off this hght by mean ^ of a rotaiy 
shutter. 
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Properties of the Component Elements 

Light Source. — Smce the film aperture and projection lens present 
openings of considerable area, there is no necessity for keeping the light 
source unduly small. The maximum size of source which can be em- 
ployed effectively with a given optical system is dependent on the 
refracting powers of the condensing lens, the size of the aperture open- 
ing, the size of the projection lens, and the distance of the aperture from 
the condensing and projection lenses. A source of size AS, Fig. 152, 
projects a beam A' B' at the aperture, all of which passes through; the 
larger source CD will send a greater amount of light through the open- 
ing, but the source EF produces a beam S'F' at the aperture so large 
that but a small part passes through and the remainder of the light is 



Fia. 162 . For a given condensing lens, the size of the beam at the aperture plate 
IS proportional to the size of the hght source 

wasted. Circular or rectangular sources, having maximum dimensions 
as large as J mch, are commonly employed. 

Four light sources are used m motion picture projection in theaters 
and large auditonums: the altematmg-current carbon arc, the direct- 
current carbon arc, the high-intensity flame arc, and the incandescent 
lamp. 

Arc. — Of the arcs, the alternating-current lamp is the least efficient 
for projection work, since the light emitted is divided equally between 
two carbon craters as sources and only one crater can be placed in the 
optical system where its hght is directed effectively in useful angles, 
and the major part of the light from the other is lost. With the direct- 
current carbon arc, most of the light is emitted by the positive electrode 
crater; the carbon ar usually tilted at an angle of about 25 degrees 
with the vertical (Fig 153) to direct a maximum amount of light from 
the positive toward the condensing lens. The carbons must be fre- 
quently moved toward each other as they are slowly burned away; a 
mechanism for accomphshing this feeding by hand is usually employed, 
although a separate mechanical control is sometimes used. A typical 
direct-current lamp is shown in Fig. 153. In the high-intensity (direct- 
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current) flame arc, the positive electrode is mounted horizontally and 
is slowly rotated by a small motor connected across the arc to maintain 
uniform burning of the special cored electrode; automatic feeding is 
maintained by mechanical energy from the same source. 



Fia, 153. Direct-current Arc Lamp with Mechanical Controls, for Motion 
Picture Projection 

The carbon diameters commonly employed for various arc lamp 
operating currents are shown in Table LX. 

TABLE LX 

Carbon Diamettbirs for Motion Pictorb Arc Lamps 


Current Amperes Positive Diameter Negative Diameter 


40-60 a c 

60-76 a c 

75-100 a c. 

f in. ^oth carbons) 

1 in moth carbons) 

1 in (both carbons) 



25-50 do 

I in. cored 

A in 


50-66 dc 

5 in cored 

n m 


65-70 do 

1 in cored 

ii in 


70-86 dc 

1 in cored 

t m 


86-100 d c. 

1 in cored 

A m 
A-4iin 


50 flame 

9 mm cored 

Metal Coated 
cored 

76 flame 

11 mm cored 

a-l in 

Metal Coated 
cored 

100-120 flame 

13 6 mm cored 

in 

Metal Coated 
cored 
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Incandescent Lamp. — The incandescent lamp source consists of four 
parallel segments of coiled tungsten wire, as shown in Fig. 154. With 

^ the plane of the filament placed parallel 
to the condensing lens, equal amounts 
of light are directed toward and away 
from it. The cod segments are separated 
in order to prevent short-circuiting, which 
breaks up the uniformity of the light 
source A spherical mirrored glass re- 
flector is placed behind the lamp so that 
the filament is at the center of curvature; 
it turns back about 80 to 86 per cent of 




Pig 164 900-Watt, 30-Ainpere Motion Fig 166. The Reflected Image of Fila- 

Picture Tungsten Incandescent Lamp ment Segments Intermeshed with the 
The 600-watt, 20-amper6 lamp is sum- Coils 
lar m appearance 


the light striking it. This Kght is brought to a focus in the plane of 
the filament as an inverted and reversed image of it (Fig. 155), pro- 
ducing in effect a solid, luminous rectangle, evenness of screen iUuini- 
nation is thereby obtamed, with the added advantage that the screen 
illumination is mcreased from 65 to 75 per cent. 

Incandescent lamp data are given in Table LXI. 

TABLE LXI 

Motion PicruHB Inoanubbcbint Lamp Data 


Watts 

Amperes 

Volts 

Bulb 

Diameter* 

Overall 

Leusth 

Base 

600 

20 

28-32 

2i m 

9i m 

Mogul 

900 

30 

28-32 

2i in 

9J m 

Screw 


• Tubular bulb 
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Table LXII gives screen illumination data for various arcs and the 
incandescent lamp. The data are typical for average operating condi- 
tions; under other conditions, higher or lower values will apply, since 
the actual results obtained in service will vary with the size of the 
picture, the distance it is projected, and the skill of the operator. 

TABLE LXII 

ScEHHN Illumination Data fob Motion PrcrruBH Illuminants 


Height Source 


Light Flux Projected to 
Screen — Lumens* 


36-ampere D C Arc 860 

60-ampere D C Arc 1060 

75- ampere D C Arc 1250 

100-ampere D C Arc 1450 

900-watt, 30-ampere Incandescent Lamp 1160 

60-ampere Flame Arc 1400 

76- amp6re Flame Arc 2700 


• Beam unobstructed by rotary abutter or film 

Condensing Lens. — The larger the diameter of a condensing lens 
of a given refractmg power, the more hght it will pick up But with 

increased diameter, the thickness also be- 
comes greater, and very thick lenses have 
excessive spherical aberration. A moderate 
amount of spherical aberration is an ad- 
vantage in that it produces a smaller beam 
at the aperture position, but if it is so 
marked that a considerable part of the light 
is directed outside the projection lens, the 
gam in light intercepted by the greater 
diameter is soon lost. 

With the arc lamps the 4^inch diameter 
plano-convex combmation shown in Fig. 
156 is employed The arc is placed about 
3^- mches or farther away from the nearest 
condenser to prevent excessive breakage 
and to reduce the deposit of slag on its sur- 
face. With the incandescent lamp the mod- 
ified Fresnel or prismatic condenser shown 
in Fig 157 can be used with two marked 
advantages over spherical combinations of 
imilar refractmg power, it can be made to intercept a larger amount 
f light flux; and the light from each ring can be focused at a different 



156 Plano-convex 
Condensing Lens Com- 
bination, 
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distance from the condenser so that no well-defined image of the source 
appears and uniform illumination of the film is obtamed. 

A development which combines high refractive power with reduction 
in aberration and makes possible a system mtercepting a larger angle of 
light employs other than spherical surfaces for the lenses. The aspheric 
condenser diown in Fig. 158, designed for use wi1±i incandescent lamps, 
directs about 50 per cent more light through the optical system than 
does the prismatic; in addition to the advantages resulting from the 



Fig 167 Pnamatic Condenamg Lens Fig 168. Asphenc Condensing Lens 
for Motion Picture Projection with Combination 

Incandescent Lamps 

aspheric surfaces, the larger-daameter second element receives essentially 
all of the light passed by the first umt 
A projection lens must be essentially free from chromatic aberration, 
but m the case of condensing lenses the projection of aberration colors 
to the screen can be avoided by intercepting the edge of the beam and 
using a lens of such design that the source is not focused as an image 
at the aperture if it is of non-uniform brilhancy. 

Aperture. — The standard aperture is a rectangular opening 0.6795 
inch high and 0.906 inch wide. The aperture plate, across which the 
film moves, must for best eflficiency be located where as much as possible 
of the converging beam from the condensing lens will pass through the 
opening and at the same time be uniformly distributed over this area. 
In practice a light beam larger in diameter than the diagonal of the 
aperture opening must, therefore, be used, since the hght near the edge 
of the beam is of somewhat lower intensity and shows color due to 
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chromatic aberration from the condensing lens; this part must, there- 
fore, be intercepted. 

Projection Objective Lens. — The desired size of the objective lens 
depends on the size of the hght source and the convergence of the beam 
from the condenser, which determines the spread of the rays passing 
through the aperture. This convergence is less with the plano-convex 
condensers used with arc lamps than for the incandescent-lamp con- 
denser systems. For the latter, when the longer focal length objective 
lenses are employed with the longer projection distances, about twice 
as much light wiU be projected by using the large diameter objectives 
known as the No 2 size. 

By combining suitable optical glasses in elements of proper thickness, 
surface curvature, and spacmg, the umts can be given the following 
characteristics* freedom from spherical aberration, providing good 
definition, flatness of field, producing equally sharp images over the 
entire screen picture; and freedom from chromatic aberration, eliminat- 
ing colored fringes on the screen image. 

The focal length of the objective lens determines the picture size for 
a given throw. With the width of the picture selected, the focal length 
of the required objective lens is given with suflBlcient accuracy for prac- 
tically all purposes by the approximate formula^ 


Equivalent focus (inches) = 


Throw (ft.) X 0.906 
Picture width (ft ) 


The throw is measured from the center of the objective to the screen; 
the formula applies for an aperture of standard size 
Screen. — For the projection of a satisfactory picture it is necessary 
to provide a screen which will effectively direct the light to the audience 
so that the images there formed may be seen without effort from every 
seat. It IS desirable that the screen surface have a high reflection- 
factor, but it is even more important that it direct a maximum part of 
the light back within the solid angle in which all of the seats are in- 
cluded, and that the hght be so distnbuted within this angle that the 
screen will appear as nearly as possible equally illuminated from aU of 
the seats. In the wide theaters the outer seats in front often make an 
angle of 60 degrees with a normal to the screen; in the narrower houses 
the angle is sometimes as low as 30 degrees, as shown in Fig 159, m 
the vertical plane the lowest front seats are occasionally as much as 


^ The exact formulae are 
12 T 

l + 13 25Tr 

EF = Equivalent focus (m 


BF^ 

where 


WF 

T = -^(1 + 13.2517) 


17= 00765 


T = Throw (ft ) W = Width of picture (ft ) 
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35 degrees below a normal to the screen and the highest seats 30 degrees 
above it. 

The distribution of light from a screen surface can be controlled by- 
choice of material, its finish, texture and configuration. The screens 
so far available meet the requirements fairly well in many theaters but 




Fig 159 Representative Angles Within which the Screen Must Direct 
Light to the Observers 

somewhat imperfectly in others, that is, there is not so great a diversity 
of light-reflecting characteristics as would be desirable for greatest 
eflaciency in each case. The three principal types in use are shown in 
Fig 160 together with curves indicating the relative brightness as 
viewed from the different angles when a unit quantity of light is directed 
in a beam normal to the screen. Thus, at right angles to the surface, 
the matte diffusing screen has a brightness of 1.0 unit and this is main- 
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tained at 0.94 unit at 30 degrees from the normal, and falls only to 
0.9 at 60 degrees; the semi-matte metaUic surface, on the other hand, has 
a brightness of 3.5 umts at right angles to the screen, but at 30 degrees 
it is reduced to 0 8 unit, and at 60 degrees it is only 0.25 unit. It 
should be noted that the areas included within the several curves are 
not at aU proportional to the amount of light reflected from each screen. 



&■ 

B 


Fig 160 Three Representative Screen Surfaces and Bnghtness Distnbutions when 
Equal Quantities of Light axe Directed in Beams Normal to the Surface 

A — White Diff using Surface B — Semi-Matte Metallized Surface 

C — Beaded Surface 

Since, with the matte diffusing surface shown in Fig 160, the maxi- 
mum brightness is well maintained at all angles, a screen of this char- 
acteristic is especially adapted to very wide theaters. Although the 
outside front seats may lie 65 degrees from the normal, the brightness 
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leir direction is about 90 per cent, and the averap;e bi i^ ^ 
le seats is 96 per cent of the maximum. In gcnei’ul, t ^ 

ices should be used where a considerable portion of u 
3 than 40 degrees from the normal to the screen. ^ ^ . / n ^ 

he smooth metallized surface, Fig. 160 and Fig. 161, 
icable for the narrower houses For a typical theater o ii.s > |m 
the front end seats about 40 degrees from the nornnil, ^ ^ Ih** « < 
within 30 degrees, at which angle the brightness is still 0.*' luuf, 

87 per cent are within 20 degrees, 
re the value is 1 6 units. The av- 
e screen brightness as viewed from 
seats of this theater will, therefore, 

this type of screen, be 2f times 
b it would be with the diffusing 
s The more usual case is that of 
heater of medium width where the 
front seats make an angle of about 
egrees with the normal. But even 

88 per cent of the seats fall within 
legrees of the normal and all of 
5 seats receive more hght from 
n B than from screen A (Fig. 161), 

,ct about 2^ times as much for the 
ige. For the remaining 12 per 

the screen appears only about 
lalf as bright as would one of the 
aing type. 

le beaded surface. Fig. 160, C, and 
161, C, has a somewhat lower 
mum brightness than the semi- 
e metallic surface, but higher values at angles of about I'io dfgn*t»q 
beyond The beaded surface finds its best application in thcafcrH 
Bdium width. 

the foregomg, reference has been made only to the lig:b1 distribii- 
m the horizontal plane, but since the seats arc at various «‘lrv:i- 
, the brightness distnbution in the vertical plane must also be 
dered. This is especially important in view of the fuel that the* 
types of screen surfaces act differently in reflecting tlic light, 
ved at an angle with a normal to the surface. From llu* iiK'tallie- 
ce screens, for example, the reflection is to a coiisi(lt*nibl(* 
liar, as from a mirror; that is, the general direction of the le- 
sd beam makes an angle with the normal equal to the* angle of 



Fig 161. H<!fI(*c*(ion < 'liarudiTiN- 
tica of the '^Phree 'Pnihk nf 
Screen Siirfuet*s wlieii the 
from the Pi(>jt*(*tor is lliro'lol 
to Them ut an Angle 
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incidence, as in Fig. 161, B, The bead screen reflects a maximum bright- 
ness in the direction of the projector, as shown m Fig. 161, C, because 
the specular part of the reflection is largely from that part of the glass 
bead surfaces normal to the beam. Obviously this screen finds its 
best application in theaters where the seats are not far below the pro- 
jected beam. The direction from which the incident light is received 
has little effect on the distribution from the diffusing screen, as shown 
by Fig 161, A. It is evident that the proportions of the theater, the 
range of seat elevations, and the position of the projection room with 
reference to the stage must, therefore, aU receive careful consideration 
in the selection and mounting of the screen. 

The screen brightness necessary to produce the best pictures varies 
with the reflecting characteristics and texture of the screen surface 
employed and is limited on the one hand by the amoimt of light re- 
quired for satisfactory observation of dense film and on the other hand 
by the amount of reflected light which will produce glare. What values 
are best depends on the included angle the screen makes with the eye and 
on the position in the house in which the observer is sittmg In general, 
that value is satisfactory which is above the minimum required for the 
rear seats and below that which produces glare from the front seats. 
The most satisfactory brightness appears to be materially lower with a 
diffusing type of screen than with those giving a pronounced directional 
distribution. This tends to make the results with the diffusing screen 
relatively better than would be indicated from the respective bnghtness 
values given in the above discussion. Although for a given light source 
the screen brightness decreases somewhat with the larger pictures, there 
is a compen atmg factor in that the brightness required for a good 
picture decreases as the size is increased. 

HltiminatioiL of the Theatre Auditorium. — The iQumination of the 
auditorium during the projection of the picture vitally affects the re- 
quired screen brightness, and the selection and placing of the lighting 
equipment must, therefore, be treated as a phase of the projection 
problem. There must be sufficient light to create an agreeable atmos- 
phere and to permit the theatre patrons to find or leave their seats 
safely durmg the projection of pictures; yet the eye should encounter 
no very bright areas, and the light directed to the screen from fixtures 
or vertical surfaces facing the stage should be kept at a miTinnum in 
order that contrasts in the screen picture may not be materially 
affected. 

A moderate intensity of general illumination near the front of the 
theater, of the order of one-tenth of a foot-candle, does not materially 
affect the picture if this intensity is not allowed to reach the screen. 



PORTABLE MOTION PICTURE PROJECTORS 4( 

Auxiliaiy Projector Lamp Equipment. — Alternating-current a 
lamps are usually operated from a hand-controlled regulating tran 
former and other control apparatus is not required. On altematin 
current circuits, the direct-current carbon and flame arcs are operatt 
from a motor-generator set. On direct current, only a series resistan. 
is ordinarily employed. Incandescent lamps are most economical] 
operated on alternating-current commercial lighting-and-power ci 



FtG 162 Portable Motion Picture Projector 

cuits from a hand-controlled transformer regulator; an ammeter is 
required to maintam the lamp current at its rated value. On direct 
current a rotaiy converter for changmg the direct to alternating current 
for the transformer regulator provides the most economical method of 
operation. 

Portable Motion Picture Projectors. — Portable motion picture pro- 
jectors are adapted especially for use in the school classroom and 
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laboratory, for homes, and for the traveling lecturer and salesman. 
Optically they are not essentially different in principle from the theater 
sizes; they differ mainly in the reduced size and proportions of the 
various elements, and m the relatively smaller diameter and distance 
of the condensmg lens from the aperture. A smaller aperture and 
film is employed with slow-burning film on some equipments. 

Incandescent lamps are used exclusively. For the services where 
these projectors are employed, the use of auxihary equipment must be 
kept to a minimum and 110-120-volt lamps are employed wherever 
possible. With some equipments of the most compact type, the more 
concentrated-filament, low-voltage lamps are used in conjunction with 
a small rheostat in order that maximum screen illumination may be 
obtained from a small lamp. A typical portable projector is shown in 
Fig. 162. 

Stereopticon or Slide Projectors. — The optical system of the familiar 
stereopticon or slide projector is similar to that of the motion picture 
projector, but the larger aperture, measurmg 2| by 3| inches, is placed 
close to a pair of 4^inch-diameter plano-convex condensers, and for 
efficiency the source can be imaged in or near the objective. Moreover, 
no rotary shutter is required, and with the ehmmation of the accompany- 
ing loss of light, the requirements for the hght source are not so severe; 
the usual light sources are employed in theatre projection, and the 
incandescent lamp for all portable and most other equipments The 
objective lens is placed from 8 to 24 inches from the slide, depending 
on the picture size and projection distance, and for best efficiency the 
large diameter lenses, known as the No. 2 size, should be employed to 
transmit as much of the light beam emerging from the condenser as 
is possible. 

Data on the incandescent lamps regularly used in slide and portable 
motion picture projectors are given in Table LXIII. 

TABLE LXIII 

Incandbjscbnt Projbctoe Lamp Data 


Watts 

Volts 

Bulb 

Diameter* 

Overall 

Leugtb 

Base 

250 

110-120 

1} in. 

Sf in. 

Med Screw 

300 

28-32 

2 m. 

6f in 

Med Screw 

400 

110-120 

2J in 

5f in 

Med Screw 

1000 

110-120 

2i m 

9i in 

Mog Screw 



• Tubular bulb 
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A 

Abbot, 36 

Aberration in motion-picture lenses, 460 
Absorption, black-body, 32 
by smoke, 337 

devioes m photometry, 211, 223 
glass, 330 

relation to emission, 27 
spectral, 29 

Acetylene, candlepower of, 62 
color analysis of, 142 
for hght buoys, 463 
hghthouses, 461 
gas, 45, 64 

lamp as standard of light, 187 
spectral energy curve of, 323 
t^perature of, 49 
Adaptation of the eye, 244 
Advertismg, lUummated, 402 
After-images, 237, 327 
Altar hghtmg, 376 

Altematmg-current arc, 74, 78, 80, 83, 89 
for motion-picture projection, 467, 467 
for mercury-vapor lamp, 146, 148, 160 
Alummum reflectors, 431 
Amencan Engineering Standards Com- 
mittee, 392 
Gas Institute, 168 

Institute of Electrical Engineers, 168 
Railway Signal Association, 434 
Aperture for motion-picture film, 461 
Approach hghtmg m railway signaling, 
435 

Arc appearance, 69 
brightness, 75 
chemi-lummescence, 78 
classes, 70 
color of, 74 

conductivity of vapors m, 79 
crater areas of, 76, 77 
defimtion of, 69 


Arc, effect of magnetic field on, 73 
pressure on, 75 

surrounding atmosphere on, 73 
efficiency, 72, 82 
electrode composition of, 71 
eleotro-lummescence, 78 
fiomiiig, see Flame arc 
fluorescence, 79 
negative hot spot in, 79 
photographic action of, 83 
spectrum, 77 
temperature, 75 
tungsten, 73 
voltage and length, 80 
Arc lamp as photometnc standard, 
186 

ballast, 86 

candlepower distnbution curves of, 
85 

efficiency, 87 
glare rating, 289 
globes, 86 
history of, 67 
in headh^tmg, 438 
hghthouses, 451 

motion-picture projection, 89, 467 
seaxchhghtmg, 88, 443, 446, 447 
stage hghtmg, 369 
street hghtmg, 87, 417, 424, 426 
multiple connection, 82 
photometry of, 218 
power-factor, 80 
senes connection for, 81 
types of, 67, 68 
voltage, 82 
Ardois, 436 

Argand burner, 183, 186 
Art galleries, see Museums 


n I 'MlOf 


Artificial dayhght, 328, 331 
m art gallenes, 371 
factory hghtmg, 396 
^chens, 352 
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Artificial daylight, m office lighting, 
378 

school hghtmg, 361 
show-windows, 388 
sign hghtmg, 409 
Asphenc condenser, 461 
Atmosphere, effect on arcs, 73 
flame sources, 180 
sunhght, 387 
vitiation due to gas, 66 
Auditonums, hghtmg of, 364 

foot-candle values m, 274, 366 
m theatres, 367, 466 
Auer von Welsbach, 55 
Automobile headhghting, 439 
Axis, photometnc, 179 

B 

Baok-finng m gas mantles, 61, 63 
Ballast, arc, 86 

Bases for mcandescent lamps, 93 
Beacon hghts, 464 
Beam, floodhght, 401, 413 
from gratmg, 3 
parabohc mirror, 431, 441 
headhght, 437, 438, 443 
in hght projection, 429 
motion-picture projection, 456 
railway signalmg, 434 
hghthouse, 449 

reflected from matte surfaces, 268 
searchhght, 445, 446, 448 
Beck, 67 

Beckstem lUummometer, 203 
Black body, 26, 27 

as photometnc standard, 185 
characteristics, 38 
constants, 33 

effect m mcandescent lamps, 113 
emission, 28, 29, 32 
expenmental form of, 32 
ideal radiator, 26, 32 
laws, 33 

spectral curves, 30, 34, 89, 97, 
142 

Blau gas, 46 
Block signalmg, 436 
Blondel, 67, 166 
lumen-meter, 216 


Blue glass filters in photometry, 223 
sky, 11, 15, 337 
color analysis of, 142 
Bolometer, 8, 225 
Border hghts, 369, 387 
Brackets, wall, m residence, 347 
Bray, 187 
Bremer, 67, 68 
Brightness, 174 
defimtion of, 176 
effect on eye, 239 
glare, 284, 286 
m office hghtmg, 380 
sign hghtmg, 402, 404 
street hghtmg, 418, 420 
limit for visibihty, 244 
measurement of, 199, 203, 218 
of arc lamps, 75 
a color, 322, 324 
motion-picture screen, 463 
sim, 37 
tungsten, 96 
vanous hght sources, 38 
range outdoors, 338 
umt, 176 
wall, 292, 364 

Bntish thermal unit (B t u,), 43 
Brodhun photometer, 193 
rotatmg sectored disk, 208 
Brush, C. F , 67 
Bmldmg display hghtmg, 410 
Bulbs, 91, 118 
BuUetm-lxiard hghtmg, 408 
flood-hghtmg for, 411 
Bunsen burner, 59 
flame, 45 

photometer, 190, 194, 207 
Bureau of Standards, 164, 168, 182, 183, 
186, 187 

Burner, Argand, 183, 186 
gas, 63 
efficiency, 66 
mantle, 69 

C 

Candle as primary standard, 180 
m residence hghtmg, 348 
mtemational, 168, 182 
per sq cm , 175, 176 
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Candle as primary standard, structure 
of, 45 

Candlepower, apparent, 219 
defimtion of, 166 

distnbution ciirves, 178, 250, 254, 437, 
438 

arc lamp, 85 

measurement of, 199, 207, 212, 214 
m railway signaling, 434 
mean horizontal, 167, 212 
sphencal, 168, 213, 251 
of acetylene, 52 
firefly, 159 
gas mantle, 56, 168 
headhght, 219, 437, 440 
moandescent lamp, 100, 120, 168 
mtemational candle, 168 
hghthouses, 453 

mercury-vapor tube lamps, 163, 166 
searchlights, 219, 446, 448 
overshootmg m, 107 
relation to lummous flux, 169, 171 
umt, 168 
Carbon arc, 67 

color analysis of, 142 
for motion-picture projection, 457 
searchhghts, 443, 446 
content m gases, 50, 52 
mcandescent lamp, 90, 213 
color analysis, 142 
glare ratmg, 289 
spectral curves of, 97, 142, 323 
Carcel, 181 

Center of radiation, 212 

m pentane lamp, 184 
m reflector-umt photometry, 219 
Characteristics, arc lamp, 80, 82 
black body, 38 
gas lamp, 61 
mantle, 56 

mcandescent lamp, 104, 120 
equations for, 106 

mercury-vapor tube lamp, 132, 146, 
160 

Chemi-lummescence of arc shell, 78 
Chimneys for gas mantles, 62 
Church hghtmg, 374 

foot-candle values for, 276 
Coal gas, 42 

Code, factory hghtmg, 281, 392, 394 


Code, school hghtmg, 356 
Coeflicient of utihzation, 293, 298, 307, 
363 

Coiled filaments, 112 

Collateral readmg, see Chapter endings 

Color analysis, 322 

apphcations in hghtmg, 333, 347, 369, 
378, 386, 388 
blmdness, 236 
body, 16 

complementary, 237, 238, 321, 326 
for hghthouse service, 453 
m factory hghtmg, 396 
relation to temperature, 16 
hght, shade and, 319 
matchmg m commercial hghtmg, 332 
photometry, 222 
measurement of, 324 
mixture, 326 
of arc lamps, 74 
mcandescent lamps, 114 
hght source, 14 
material objects, 16, 330 
mercury-vapor lamp, 141 
photometric standards, 180 
searchhght beams, 446 
sky, 15 
sun, 15 

various lUummants, 142 
photometry, 219 
preference, 329 
scale of values, 320 
sensation curves, 236 
signals m railway hghtmg, 434, 436 
standard white, 324 
temperature of tungsten, 96, 98 
various sources, 38 
termmology, 321, 322 
vision theones, 236 
phenomena, 326 
wave-length relations, 4 
Colored media, 334 

for stage hghtmg, 369 
Colorimeter, 324 
Commercial hghtmg, 377 

foot-candle values for, 274 
Compensated test plate, 205 
Complementary colors, 237, 238, 321, 326 
Conduction, gaseous, 19 
m arc vapors, 69, 79 
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Conduction, m gas-filled tungsten lamps, 
110 

vapor tube lamps, 21, 138, 140 
metallic, 19 

Cones of retina, 233, 236, 246 
Contrast, color, 326 
effect on glare, 286 
in factory kghtmg, 397 
office hghtmg, 378 
street hghtmg, 418 
vision, 237, 242, 247 
photometer, 190, 195, 221 
sensitivity, 244 
Cooper and Hewitt, 67, 133 
Corpuscular theory of hght, 1 
Coeme law, 177 
of emission, 174 
mcidence, 173, 206 
Cost of dayhght, 343 

factory hghtmg system, 397 
hghtmg, 313 
signal hghtmg, 434 
Cove hghtmg, 366 
Cover glass for flood-hghts, 413 
headlights, 441 
searchhghts, 444 
signal hghts, 436 
Crater arcs, 70 
area, 75, 77 
Crime prevention, 417 
Crookes, 131, 134 

Crova method m color photometry, 223 
wave-length, 35 
Crystal glass, 341, 373, 439 
Cube, Lummer and Brodhun contrast, 
196 

equahty, 194 

Curves, photometnc, 178, 214 
spectral, see Spectral 

D 

Davy, 67 

Dayhght, 329, 336 
artificial, see Artificial dayhght 
control of, 340 
cost of, 343 

distnbution indoors, 342 
fading due to, 339, 373 
glass absorption of, 339 


Dayhght, in art gallones, 370 
factones, 396 
museums, 370 
show-wmdowB, 390 
mtensity, 336 
quahty of, 337 
standard, 337 
variations m, 330, 336 
Dayhghtmg of buildings, 339 
schools, 358 
show-wmdows, 390 
Depreciation factor, 304, 307, 364 
Design for flood-hghtmg, 413 
incandescent lamp, 115, 117 
hghtmg, for factory, 307, 396 
office, 377, 380 
school, 362 
show-wmdows, 387 
signs, 402 
system, 305 
Desk hghtmg, 379 
Diaphragms, 211 
Diffraction m crystals, 6 
gratmg, 3 
Diffusion, 177 

disks for photometers, 189, 192, 194, 
199, 217 
globes, 268, 424 
m illumination, 281 
plates for lUummometer, 202, 203 
surfaces, 217, 464 
Dimng-table hghtmg, 348 
Direct-current arc, 69, 78, 81, 83, 89 
for motion-picture projection, 457, 
467 

mercury-vapor lamp, 144 
Direct hghtmg m auditoriums, 366 
schools, 361 
stores, 385 

mountmg heights, 303 
system, 254, 330 

Disk m photometer heads, 192, 206 
Leeson, 193 
sectored, 174, 203, 208 
Display hghtmg, 402, 410 
Distribution curves, condlepower, 178, 
250, 254 

measurement of, 214 
of flame arc, 85 
lamp and reflector, 260, 264 
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Distnbutioii curves, of merouiy-vapor 
lamp, 166 

railway headlights, 437, 438 
epectrophotometnc, 224 
of dayhght mdoors, 342 
hght from headlights, 441 
on motion-picture screen, 462, 464 
Drafting-room h^tmg, 377, 379 

E 

Edgerton, 186 
Edison, 89 

Efficiency of eye, 10, 11 
firefly, 169 
gas burners, 65 
radiation, 12 
tungsten, 96 
lamp, 13 

mcandescent, 99, 104, 114 
mercury-vapor tube, 16^ 166 
of arc, 72, 82, 87 
lUuminatmg gas, 50 
lummous, 13 
of black body, 36 
solar radiation, 39 
various hght sources, 38 
maximum, 14 

Electrode consumption m arcs, 74 
flame arc, 71 
magnetite arc, 71 
motion-picture arc, 468 
searchlight arc, 446 
Electro-luminescence of arc core, 78 
Electrolysis m mcandescent lamps, 117 
Electromagnetic theory of light, 1 
Electron theory of matter, 17 
Elevator hghtmg, 378 
Elhott, 186 

Emergency hghtmg m auditoriums, 366 
schools, 358 

Emission, black-body, 28, 32 
relation to absorption and reflection, 29 
tungsten, 30, 97 

Enclosed lamps m sign hghtmg, 408, 410 
Energy from ultimate radiators, 20 
quantum of, 2 

Equahty of bnghtness m flicker photom- 
etry, 222 
photometers, 188 


Equations, arc lamp, 72 
black-body, 28, 29, 33 
for photometnc measurements, 191, 
207 

quantities, 167 
standards, 182, 183 
lUummation, 263, 306, 362 
m candlepower computations, 213 
hght projection, 432 
lighthouse projection, 452 
motion-picture projection, 462 
sign hghtmg, 404 

Ulbncht sphere computations, 216 
mcandescent lamp, 103, 105, 115, 120 
lummous flux, 262 
Ether, 1 

Exposed-hght displays, 402, 410 
Extenor hghtmg for mdustnal plants, 
398 

see Bmldmg display hghtmg 
Street hghtmg. 

Eye action m seemg, 239 
adjustments, 231 
after-images, 237 
efllciency, 10, 11 
general structure of, 229 
in photometry, 164, 188 
mjuries to, 248 
limit of resolution, 245 
movements, 247 
refractive apparatus of, 230 
spectral lummosity curve, 10 

F 

Factory hghtmg, 307, 392 
Fadmg, 339, 373 
Faraday, 134 
Fechner^s law, 174 
F6ry, 186 

Field of view, effect on glare, 284, 290 
m projection, 431 
visual, 234, 244 

Filament coihng, 112, 113 
design, 115 
supports, 116 
value of tungsten, 99 
Film aperture, 461 
movement m projection, 456 
Filters, see Screens 
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Firefly, 158 

eancUepower of, 169 
efficiency, 159 
spectrum, 7, 25, 168 
Fixtures, art museum, 373 
auditorium, 366 
ciuirch, 374 
residence lighting, 345 
school hghtmg, 363 
store, 386 
street lightmg, 424 
Flame arc, 68, 70, 71, 77, 80, 89, 424 
color analysis of, 142 
for searchlight, 447 
combustion, 47 

height for photometnc standards, 180, 
182, 183 
sources, 41, 180 
structure of hydrocarbon, 46 
temperature, 48 

Flashing m hghthouses, 448, 450, 

463 

sign lightmg, 109, 407 
FLcker m incandescent lamps, 109 
mercury-vapor lamps, 146 
motion-picture theatres, 368 
photometnc measurements of, 212 
photometer, 220 

requirements for, 221 
sensitivity, 222 
types of, 220 

Flood-hghtmg, 333, 369, 390, 400, 410 
design, 413 
eqmpment, 412 
Fluorescence, 6 
arc^ 79 

used m signaling, 437 
Fluted glass, 413, 441 
Flux, see Luminous flux 
Fog, 439, 463 
Foot-candle, defimtion, 171 
illu m ination computed, 307 
meter, 204 

values for sign hghtmg, 409 
in flood-hghtmg, 414 

illumination, 272, 367, 365, 386, 
393 

on a horizontal plane, 265 
Footlights, show-mndow, 388 
theatre, 368 


Erench Lighthouse Service, 461 
Fresnel, 429, 431, 433, 436, 460 

G 

Gamma-rays, 6 
Gas, acetylene, see Acetylene 
atmospheno vitiation, 66 
burners, 63 

carbon content of, 50, 62 
constituents, 42 
data on hydrocarbon fuels, 51 
for use m incandescent lamps, 110, 118 
m hght buoys, 463 
glare ratmg, 288 

heat absorption m combustion, 49 
m sign lightmg, 407 
lamp eflBciency of, 60, 61 
loss m mcandescent lamps, 110 
mantles, see Mantles 
manufacture, 42 
Geissler, 131, 132 
Gem mcandescent lamp, 90, 167 
color analysis, 142 
Glare, 281 

from headlights, 440, 443 
railway headlights, 439 
specular reflection, 291 
m auditonum hghtmg, 364 
factory hghtmg, 392, 393, 396 
motion-picture theatres, 367 
ofiSce hghtmg, 379 
residence hghtmg, 346 
school hghtmg, 366, 369 
street hghtmg, 422, 425 
Glass absorption, 339 
blue, for color photometry, 223 
colored, 334 
cover, 413, 436, 441 
crown, transmission of, 142 
curved, for show-windows, 390 
enclosmg globes, 268 
for skyhghts, 339, 373 
m mcandescent lamps, 91, 117 
metal and mirror surfaces, 267, 439 
opal, 261, 266, 269 
prism, 390 

prismatic, see Pnsmatic 
steel reflectors, 267 
used m hghtmg, 340 
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Glassware, opal, 261, 266, 269 
prismatic, 260, 270, 424 
Glmt, 419, 423 
Globes for arc lamps, 86 
glaso^ncloaing, 268 
m street lightmg, 424 
semi-encloHuig, 269 
semi-mdirect, 269 
Gold, color of, 16 
Gratmg, 3, 6, 211 
Gray body, 30 

** Grease-spot” photometer, 190, 194 
Greenhouses, “hot-house” effect m, 339 

H 

Harcourt, 183 

Headhghts, photometry of, 219 
railway, 437 
vehicular, 439 
Heat rays, 5, 11 
Hefner-Alteneck, 181, 193 
Hefner lamp, 181 

color analysis, 142 
specifications, 182 
umt, 108, 169 

Hehum as photometno standard, 186 
Helmholtz, 236, 237, 239 
Hermg, 237 
Hersohel, 6 

Hertz's electromagnetic waves, 2 

Heterochromatic photometry, 188, 219 

House numbers iILununated, 354 

Houston, 186 

Hue, 4, 321, 324, 326 

Huyghens' wave theory, 1 

Hyde, 168 

I 

Dlummants for extenor hghtmg, 399 
factory hghtmg, 397 
aee Light sources 

Bluimnatmg Engmeenng Society (U. S ), 
168 

code of factory hghtmg, 281, 392 
code of school hghtmg, 360 
headhght regulations, 440 
Nomenclature and Standards 
Committee, 166 


Elummatmg gas, aee Gas 
Ulummation by sunlight, 241 
computation of, 253, 307 
computed values for, 310 
definition of, 170 
design, 305 
due to dayhght, 336 
fundamental pnnoiples of, 260 
glare m, 281 
m flood-lightmg, 414 
motion-picture auditonura, 466 
projection, 460 

mtensity, effect of high, 389, 394, 
397 

values, aee Foot-candle 
International Commission on, 106 
levels of, 272, 416 
measurement of, 199, 203, 204 
of vertical surfaces, 281 
on retina, 239 
* aee Lightmg 
imits, 170 
niummometer, 199 
Beckstem, 203 
foot-candle meter, 204 
Macbeth, 201 
Shorp-Millar, 199 
sources of error, 205 
Weber, 202 

Image in motion-picture projection, 455 
aee After-image 
Incandescence, 16 
flame sources of, 41 
m vapor tube lamps, 138 
of gas mantle, 60 
supply of energy m, 23 
Incandescent (eleotno) lamp, as photo- 
metnc standard, 185, 187 
bases, 93 

black-body effect, 113 
bulbs, 91, 118 
center of radiation m, 212 
characteristic equations, 105 
ohaiactenstics, 104, 120 
color of, 114 
design, 112, 115 
efficiency, 114 
flicker, 109 
gas for use m, 118 
loss, 110 
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Incaiidescent (electnc) lamp; in head- 
hghting, 438 
lighthouses; 431 

motion-picture projection, 469, 
467 

railway signalmg, 434 
searchhghts, 448 
sign hghtmg, 403 
stage hghtmg, 369 
stereopticon projection, 468 
leads, 92; 117 
hfe of, 98, 115, 119 
manufacture, 89, 93 
miniature, 353, 375 
overshootmg m candlepower, 107 
parte, 91 

reduction factor, 113 
resistance curves, 107 
selective radiation from, 100 
temperature, 113 
testmg, 101 
tungsten wire for, 91 
two-filament, for railway signaling, 
435 

Index, refractive, m eye, 230 
of commercial glass, 342 
room, 296, 309 

Indirect hghtmg m auditonums, 366 
offices, 379 
stores, 384 

S3^tein, 264, 272, 331 
mountmg heists, 302 
Industnal hghtmg, 392 
dayhght m, 340 
InfrBrred radiation, 5 
Integrating photometers, 215 
Intensity, daylight, 336 
effect of high, 389, 394, 397 
luminous, see Candlepower 
of headhght beams, 440 
International candle, 168, 182 
Commission on lUummation, 164, 165, 
170 

Interstate Commerce Commission, 438 
Inverse square law, 172, 343 
errors, 173 
Ionization, 20 
m vapor tube lamps, 138 
potentials, 22 
Ives, 186 


J 

Joly, 197 
Jones, 67, 68 

K 

Kerosene lamp as standard of hght, 186 
burners, 53 
for hghthouse, 451 
railway signaling, 434 
spectral energy curve of, 323 
Kirchhoff’s law, 27 
KrOfls, 193 
Kurlbaum, 185 

L 

Lambert cosme laws, 173, 177 
relation to c. p sq cm , 176 
umt of bnghtness, 176 
Lamp, arc, 66 

efficiency, 13, see Efficiency 
for flood-hghtmg, 412 
headhghtmg, 438 
hghthouses, 451 
motion-picture projection, 467 
searchhghts, 443 
street hghtmg, 424 
gas, 63 

mcandescent electnc, 89 
Nemst, 156 

photometnc standard, 181 
portable, 346, 390 
posts, see Standards 
shades, 347 

size m display hghtmg, 410 

illumination design, 306, 309 
sign lighting, 409 
spacmg for sign hghtmg, 406 
vapor tube, 131 
Laws, black-body, 33 
headhghtmg, 440 
mverse square, 172, 207 
Kirchhoff's, 27 
photometnc, 172 
Weber’s, 242 
Leadmg-m wires, 92, 117 
Leeson disk, 193 
Legibihty m agn hghtmg, 406 
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Lens for headlights, 439, 441 

motion-picture projection, 466, 460, 
462 

projection, 428 
railway signals, 433, 436 
Fresnel, see Fresnel 
hghthouse, 449 
of eye, 230 
Library hghting, 382 

foot-oandle values for, 276 * 

Liebenthal, 188 
Life of arc lamps, 86, 88 

tungsten lamps, 98, 116, 119 
testing, 101 

Light, action of, m eye, 239 
buoys, 463 

ceremomal use of, 376 
corpuscular theory of, 1 
cost of, 313 
definition, 11, 166 
electromagnetic theory of, 1 
e^ressiveness of, 327 
filters, see Screens 
mechanical equivalent of, 13 
moon, 338, 368 

penetrating power of, 396, 436, 439, 
446, 463 
pressure, 8 
projection, 428 

psychology of, 328, 338, 344, 366, 368, 
392 

quantum, 2 
scattering, 337 
shade and color, 319 
signals, 433 
sky, see Sky 

sources, see Light sources (below) 
standards, 179 
sun, see Sim 
velocity, 1, 6 
wave theory of, 1 
Light sources, bnghtnesa of, 38 
color values of, 142 
for hghthouses, 461 
projection, 457 
railway signalmg, 434 
searchhghts, 446, 448 
street hghtmg, 424 
new, 140, 160 
ph 3 ^cs of, 1 


Light sources, rated for glare, 286 
location, 291 

selective radiation of, 100 
spectral energy distnbution of, 
323 

temperature of, 38 
ultimate, 20 

vacuum discharge as, 140 
vanous types of, 26 
Lighthouses, 448 
Lightmg, color m, 333 
commercial, 377 
cost, 313 
display, 402 
draftmg-room, 377 
effect of surroundmgs on, 330, 396 
emergency, 358, 366 
fixtures, 346 
for airplane service, 464 
industnal, 340, 392 
hbrary, 382 
natuxe^s, 338 
oflSce, 377 

pubhc bmldmg, 356, 466 
residence, 345 

see Direct, Indirect and Semi-mdirect 
hghtmg 
sign, 402 
store, 383 
street, 416 
system design, 305 

for factory room, 307 
mamtenance, 304, 313, 343, 368 
street, 426 
mnts compared, 281 
see Reflectors 

Locomotive headhghtmg, 438 
Louvers, 340, 370, 444r 
Lumen, definition of, 169 
meter, 216 

Lummaires, see Fixtures 
Luminescence, 7, 17 
in vapor tube lamps, 138 
of flame sources, 41 
see Chemi-lummescence, 78 
Electro-luminescence, 78 
supply of energy m, 22 
Luminescent arcs, 70 
Luminosity curve, 10 
of flames, 48 
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Luminous efficiency, see Efficiency 
flux, color of, 321 
computation of, 261 
defimtion of, 165 
in motion-picture projection, 460 
projection, 428 

relation to candlepower, 169, 171 
unit, 169 

intensity, see Candlepower 
Lummer, 186 

and Brodhun photometer, 193 
pnsm, 201 

Lux, definition of, 170 
M 

Macbeth, 67 
illummometer, 201 
Magnetic field, effect on arcs, 73 
Magnetite arc, 68, 71, 88, 424, 437 
Mamtenance, 304, 313, 343, 358 
of vapor-tube discharge, 139 
Bignhghtmg, 410 
street hghting, 426 
Mangm mirror, 429, 437, 446, 446 
Mantle, gas, 66 
burners, 69 
characteristics, 66 
color analysis, 142 
m hghthouses, 451 
manufacture, 67 
ongm, 66 

spectral energy distnbution, 323 
structure, 67 
Marks, 67 

Marten photometer, 197 
Mathews mtegratmg photometer, 216 
Matte surfaces for motion-picture screen, 
464 

rough, 269 
semi-, 268 

Matter, dectncal structure of, 17 
electron theory of, 17 
Maxwell’s theory of hght, 2 
Mean horizontal candlepower, 167 
measurement of, 212 
spherical candlepower, 168 
computation of, 213 
mterpretation m illumination, 261 
measurement of, 213 


Mechanical eqmvalent of hght, 13 
Mercury-vapor tube lamp, 17, 132 

alternating-current, 145, 148, 160 
characteristics, 132, 146 
color of, 141 

combination with tungsten lamp, 
332 

conduction m, 21, 140 
Cooper-Hewitt, 133 
direct-current, 143 
efficiency, 164, 156 
glare ratmg of, 289 
luminescence, 22 
source of radiation, 24 
spectrum, 3, 7, 142 
starting, 143 

Mihtary searchhghts, 443, 445 
signalmg, 436 

Milk-glass plates, 202, 203, 217 
see Opal glass 
Millar, 199 
MiUilambert, 176 

Miniature lamps for church hghting, 
376 

residence hghtmg, 353 
Mirror for searchlights, 444, 447 
m photometry, 189, 192, 193, 201, 212, 
214, 216, 218 
projection, 429 
Mangm, 429, 437, 446 
parabohc, 431, 436, 444 
reflection from, 267 
Mirrored glass reflectors, 271, 469 
for flood-hghtmg, 412 
for projection, 431 
for railway headhghtmg, 438 
reflector for projection, 464 
Moonlight, 338, 368 
Moore tube, 131, 332 
color analysis of, 142 
Morse, 436 

Motion m sign hghting, 402, 407 
picture projection, arcs for, 89, 467 
prmciples of, 464 
theatre hghtmg, 367 
Mountmg heights, 291, 302, 306, 308 
m extenor hghtmg, 399 
flood-hghtmg, 401, 413 
office hghtmg, 378 
sign hghtmg, 409 
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tmg heights m street hghting 417, 
419, 421, 423 

pie oonnection m aro lamps, 82 
ock, 41 

iim, daylight m, 339, 370 
tmg, 343, 369 
jot-candle values for, 276 

N 

6, hghting m, 338 
vapor tube lamiia, 131 
t lamp, 156 
Dior Qjialyais of, 142 
)lack body, 26 
Gray body 
Opaque body 
Qg, 186 

O 

lighting, 377 

Dot-oandle values for, 276 
^lass, 261, 266, 425 
le bodies, 31 

3 of projection sources, 428, 444 
aiologLcal, 229 
of spectra, 4 

bs m office lighting, 378, 380 
asidence hghting, 346, 351, 353 
Dhool hghting, 362 
btion of, 306 

P 

for Ulbncht sphere, 218 

Pigments 

J, see Walls 

mgs, hghtmg of, 370 

, 188 

joUo mirror reflector, 430, 431, 
436 

beam distribution, 441 
for Heorchlights, 444, 448 
me lamp, 182 
/el, 185 

toms in railway signalmg, 435 
phorescence, 7 
D-electric cell, 226 
ogenic organisms, 158 


Photographic action of arc lamps, 83 
blue sky, 11 

mercury-vapor lamp, 142 
tungsten lamp, 11 
Photometer, Bunsen, 190, 194 
contrast, 190, 195 
definition of, 188 
flicker, 220 
lUuiumometers, 199 
Lummer and Brodhim, 193 
mean spherical candlepower, 214 
physical, 226 
portable, 199 
prmoiple of, 188, 190 
radial, 215 

requirements for accuracy m, 188 
Eatchie, 189 
sensitivity, 196 
sphere, 101, 216 
Photometric axis, 179 
curves, 178, 214 
equations, 191, 207 
eqmpment, 197, 208, 211 
mstruments, 188, 199 
laws, 172 

measurement of reflector umts, 210 
methods, 206 
nomenclature, 165 
standards, 179 
color of, 180 
flame height, 180 
Photometry, 164 
astrononucaJ, 226 
color, 188, 219 
defimtionof, 164 
physical, 225 
photo-electnc cell m, 226 
radiometer for, 225 
selenium cell m, 226 
Bpectro-, 224 

Physical photometry, see Photometry 
Physios of hght production, 1 
projection, 428 

sources, 26, 36, 46, 74, 95, 113, 
131, 133, 157, 168 

Physikahsche Technische Reiohsan- 
stalt, 182 

Physiological optics, 229 
Pigments, 320, 334, 339 
Pmtsoh, 41, 64, 461, 463 
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Plaack^s law, 33 
quantum theory, 2 
Platinum m mcandescent lamps, 92 
Violle standard, 179, 184 
PlUcker, 17 
Polarization of light, 1 
Polished metal reflectors for flood- 
hghtmg, 411 
for headh^tmg, 439 
for projection, 431 
Porcelam-enameled reflector, 262 
Portable lamps, 346, 390 
motion-picture projectors, 467 
photometera, see lUummometers 
Poster-board lightmg, 408 
Potential distribution m vapor tube 
lamp, 134 
lonizmg, 22 
radiatmg, 22 
Power-factor of arcs, 80 

mercury-vapor lamps, 149 
Primary standard of hght, 179 
arc lamp as, 185 
black body as, 186 
candle as, 180 
Carcel as, 181 
Hefner as, 181 
hehum as, 185 

mcandescent lamp as, 186, 187 
radiation as, 186 
Violle platmum, 184 
Pnsm, 4 

Brodhun, for sector, 208 
m projection lenses, 429, 441 
hghthouse lenses, 450 
Lummer and Brodhun, 201 
cube, 194 

rotatmg, for flicker photometer, 221 
Prismatic condenser, 460 
glass, 260, 342 
glare rating, 288 
m show-wmdows, 390 
reflectors, 270, 387 
lenses, 433, 441, 461 
refractor, 400, 424 
Problems, 26, 161, 227, 317 
Projection, 89, 428, 454 
auxiliary eqmpment for, 467 
Psychology of hght, 328, 338, 344, 366, 
368, 392 


Pubhc bmldmgs, flood-hghtmg of, 411 
hghtmg of, 366 
foot-candle values for, 274 

Pupil, accommodation of, 231 
effect of size, 246 

Purkmje effect, 220, 235, 446 

Q 

Quantum theory, 2 

Quartz pnsm, 4 
spectrograph, 5 

R 

Radial photometer, 215 

Radiation, as primary standard of hght, 
186 

black-body, 32 
center of, 184 
effects produced by, 8, 11 
gammarrays, 6 
infra-red, 5 
mjunes from, 248 
luminous flux, 166 
measurement of, 8 
ongmal source of, 20 
selective, 30, 100 
spectrum of, 6 
tungsten, 97 
ultra-violet, 6 
visibility of, 11 
wave-length analysis, 3 
X-rays, 6 

Radiator, black and non-black, 26 
energy emitted by, 20 
ideal, 26, 32 
ultimate, 20 

Radiometer, 6, 8, 11, 224 
for physical photometry, 225 

Railway headhghtmg, 437 
signaling, 433 

Range, automobile headhght, 440 
hght, 449 
hghthouse, 451 
locomotive headhght, 438 
mditary signal, 433, 436 
searchhght, 446 

Reduction factor, defimtion of, 178 
for mcandescent lamps, 113 



INDEX 


483 


Reflection factors, 218, 241, 305, 338, 
342 

of black body; 27 
' motion-picture screen, 462 
from desk tops, 379 
matte surfaces, 268 
motion-picture screens, 466 
opal glass, 261 
polished surface, 267 
porcelam-enameled steel, 261 
show-windows, 390 
street surfaces, 418, 420 
m art galleries, 371 
prismatic glassware, 260 
spectral, 29 
specular, 291 
Reflector, 262 
bare lamps m, 266 
choice m dlummation design, 312 
equipment for street hghtmg, 424 
for extenor hghtmg, 399 
flood-lightmg, 411 
railway headlightmg, 438 
searchhghts, 444 
show-wmdows, 387 
sign hghtmg, 408 
mamtenance, 304 
mirrored glass, 271, 469 
opaque surfaces of, 430 
optics of, 429 
parabohc, 430, 431, 436 
polished surface, 268 
reflectmg band, 265 
types, 262, 264 
units, photometry of, 219 
Refraction m the eye, 230 
prismatic glassware, 260 
commercial glass, 342 
Refractors m street hghtmg, 424 
prismatic, 400 

Remote control m street hghtmg, 426 
railway signaling, 436 
for searchhghts, 446 
Representative standard of hght, 179, 
186 

incandescent electnc lamp, 187 
Residence hghtmg, 343, 345 
Resistance curves of tungsten, 107 
theory of electrical, 19 
Resolution, limit of, by eye, 246 


Retina, function of, 234 
illumination on, 240 
rods and cones of, 233, 235, 245 
structure of, 229, 232 
Ritchie photometer, 189 
R L M dome reflector, 264, 306 
Rods of retina, 233, 236, 245 
Rood, 220 

Room mdex, 296, 309 
Rotatmg disk for flicker photometer, 221 
sectored disk, 208 
pnsm, 208, 221 
shutter, 464, 456 

Rotation of lamps in photometry, 213 
Rotator, umversal, 214 
Rousseau, 214 
Riidorf mirrors, 193 
Rutherford, 18 

S 

Saturation of a color, 322, 324 
Scale, color value, 320 
illummometer, 200, 206 
photometer bench, 197 
temjierature, 95 
School, mtenor finish for, 367 
hghtmg, 356 
design, 362 

foot-candle values for, 276, 367 
glare, 356, 359 
wmdows, 369 

Screen for hght filters, 6, 203, 223, 225, 
325, 332, 369, 388, 437 
neutral tmt, 211 
photometnc bench, 191, 197 
m motion-picture projection, 367, 465, 
400, 462 

Sculpture, hghtmg of, 372 
Searchhght, arcs for, 76, 79, 88, 446 
equipment, 443 
for military signahng, 436 
incandescent lamps for, 448 
mirrors, 447 

optical charactenstics of, 444 
photometry of, 219 
Searchhghtmg, 448 
Sectored disk, rotatmg, 208 
Talbot’s law of, 174 
variable, 203, 2109 
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Selective character of reflected light, 15 
radiation, 30 
of various sources, 100 
Selenium cell, 225 
Semaphores, 436 
Semi-enclosmg umta, 269 
mountmg heights, 303 
Seim-mdirect bowls, 269, 328 
hghtmg for auditonums, 365 
offices, 379, 380 
schools, 361 
stores, 384 

mountmg heights for, 302 
system, 254, 331 

Sensitivity, contrast, of the eye, 244 
of photometer heads, 196 
selenium cell, 226 
in flicker photometry, 222 
Series connection for arc lamps, 81 
Shade, 319, 322 
see Lamp-shade 
WmdowH3hade 
Shadows, 293 
m drafting rooms, 379 
extenor hghtmg, 399 
factory hghtmg, 395 
office hghtmg, 379 
street hghting, 419 
Shaip-Millar illummometer, 199 
Show-case units m art gallenes, 373 
Show-wmdow h^tmg, 333, 387 
Shutter, 454, 456 
Sign h^tmg, 402 
Signalmg, mihtary, 436 
railway, 433 

Silhouette effect, 418, 421 
Silvered metal reflectors, 431, 439 
Sky, blue, 11, 15, 337 
color analysis, 142 
bnghtness, 338 
illumination due to, 336 
hght, artificial north, 332 
from, 336, 343, 359 
north, 337 
ratmg for glare, 288 
Skyhghts, 340, 343 
effect of hght mcident on, 342 
glass for, 339, 373 
m art gallenes, 370 
auditonums, 865 


Skyhghts m schools, 358 
show-wmdows, 389 
Shde projection, 454, 468 
Smoke, ^ect on dayhght, 337 
Society of Automotive Engmeers head- 
hght regulations, 440 
Spacmg for mtenor hghtmg, see Outlets 
street hghtmg, 417, 421 
lamp, m sign hghtmg, 405 
Speptra, arc, 77 
bnght-lme and contmuous, 24 
from gratmg, 3 
mercury-vapor, 3, 7, 142 
moonhght, 338 
orders m, 4 
radiation, 6 
sun, 40 
types of, 7 

Spectral curve of black body, 30, 34, 39, 
97, 142 
blue sky, 12 
carbon, 97, 142 
common lUuminants, 323 
firefly, 158 

gas-fiUed tungsten lamp, 12 
sun, 39 

sunlight, 15, 142 
tungsten, 9, 30, 97, 142 
effect of change m temperature on, 
36 

photometric measurement of, 224 
energy curve, 8 
lummosity curve, 10 
Spectrophotometnc curves, 322 
Spectrophotometry, 209, 224 
Specular reflection, 291 
Speculum metal, 3 
Sperry, 67 

Sphere photometer, 101, 215 
Spotlights m churches, 376 
show-wmdows, 389 
theatres, 369 
Stage hghtmg, 333, 368 
Standards, dayhght, 337 
for street hghtmg, 417 
of radiation, 36 
photometnc, 179 
Stefan-Boltzmann law, 33 
Stemmetz, 67 
Stereopticon, 468 
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store Lghtmg, 383 

foot-candle values for, 274 
Street Lghtmg, 416 
arcs for, 87 

for small cities and towns, 417 
important factors m, 425 
systems, 426 
railway headlamps, 437 
Sun as source of energy, 41 
brightness, 37, 338 
color of, 15, 142 

general characteristics of, 36, 38 
lUummation by, 241, 336 
luminous efficiency of, 39 
ratmg for glare, 288 
spectral curve of, 39, 142, 323 
spectrum, 7, 40 
temperature, 38 
valves for hghthouses, 454 
white hght from, 324 
Sunset, 15, 337 
Swmbume, 185 

T 

Talbot’s law, 174 
Tantalum mcandescent lamp, 90 
Temperature, arc lamp, 75 
color, of tungsten, 96, 98 
effect on spectral curves, 35 
mcandescent lamp, 113 
of flame sources, 48, 49 
various sources, 38 
scale for tungsten, 95 
Tesla, 131 

Test plate, compensated, 205 
lUummometer, 202 
Testmg incandescent lamps, 101 
methods, 103 
racks, 102 
vision, 245 
Theatre Lghtmg, 367 

foot-candle values for, 276 
movmg picture, 367, 466 
flicker m, 368 
glare m, 367 

Theories of color vision, 235 
hght, 1, 2 
matter, 17 
Thermocouple, 8 


! Thompson, 186 
Thomson, 17 
Tmt, 322 
Tmtometer, 324 
Totally mduect reflectors, 272 
use m auditonums, 366 
use m churches, 376 
use m offices, 381 
use m schools, 363 
Transmission of crown glass, 142 
crystal glass, 341 
opal glass, 261 

Trees, mterference m street li ghtin g, 423 
Trotter, 190, 204 
Tungsten arc, 73 
color analysis of, 142 
temperature of, 96, 98 
enussivity, 30, 97 

lamp, bowl-enameled, m reflector, 267 
clear bulb, m reflector, 265 
combmation with mercury arc, 332 
for headhghtmg, 438, 443 
hghthouses, 451 
signal hghts, 434 
street Lghtmg, 417, 424 
glare ratmg of, 289 
lumen output of, 309 
photographic distnbution curve of, 12 
radiatmg properties of, 97 
resistance curves of, 107 
selectivity, 99 

spectral curves of, 9, 10, 12, 30, 97, 142, 
323 

temperature scale, 95 
value for filaments, 99 
vaporization, 98, 110 
wire for mcandescent lamps, 91 
physical characteristics of, 96 

U 

Ulbricht sphere, 215 
eqmpment, 217 
errors m, 217 
theory of, 216 

Ultra-violet, effect on eye of, 248 
for mvTsible signalmg, 437 
radiation, 5, 79, 141, 339 
Umt of bnghtness, 176 
candlepower, 168 
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Umt of lUummation, 170 
himmoTis flux, 169 
relation to standard, 179 
United States Railroad Administration, 
438 

Utilization, coefficient of, 293, 298, 307, 
363 

V 

Vaporization of tungsten, 98, 110 
Vapor-tube lamp, 131 
conduction, 138, 140 
discharge as source of hght, 140 
conditions, 136 
mamtenance, 139 
structure, 133 
history, 131 
ionization, 138 
physics of, 133 
types of, 131, 148 
Vehide headlighting, 439 
Velocity of h^t, 1, 6 
Violle-platmum standard of hght, 179, 
184 

Visibihty curve, 11, 142 
m railway signaling, 434 
limit of, 245 
maxunum, 13 

range of hghthouse, 461, 463 
Vision, 319 
and headhghting, 439 
hghtmg, 239 
street hghtmg, 422 
color, 235, 326 

conservation of, 366, 361, 392 
field of, 234, 242, 244, 284, 290 
limits of, 242 
time threshold of, 246 
of exposure m, 286 
Visual acuity, 327 
after-images, 237 
contrast, 237, 242, 247 
purple, 234 
test card, 245 
Vitiation, 66 


W 

Wall brackets, see Brackets 
brightness, 292, 364 
effect on coefficient of utilization, 294, 
307 

depreciation fsictor, 304 
room hghtmg, 330 
glare from, 286, 292 
m art gaJlenes, 371 
hghtmg m factonea, 394, 396 
pamtmg of, 286, 293, 339, 357 
reflection from, 360 
Water gas, 43 

Watts per running foot, 387 

square foot m flood-hghtmg, 
414 

Wave theory of hght, 1 
Weber illummometer, 200, 202 
law, 242 

Wedge photometer, 189 
Welsbach, 55 
Weston, 68 

“ White way ” hghtmg, 416 
Whitman, 220, 221 
Wien's law, 33 
WmdowB, auditorium, 366 
church, 376 

museum, 370, 372, 373 
school, 368 

shades for, 340, 369, 397 
show-, 387 

Working standard, 179 
acetylene lamp as, 187 
m illummometer, 200 
mcandescent electric lamp as, 
187 

kerosene lamp as, 186 
X 

X-rays, 6 

Y 

Young, 236, 239 





